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Abstract 
 
Low back pain affects most people at some point in their lives, and intervertebral disc 
degeneration is a common cause of this pain. The nucleus pulposus is the first 
structure to fail in intervertebral disc degeneration. Gaining a greater understanding 
of the nucleus pulposus cell and its response to mechanical stimuli may be useful in 
tailoring the next cell-based regenerative therapy and preventative therapies. The 
nucleus pulposus is a highly hydrated, porous tissue and changes in spinal loading 
create fluid movement throughout the tissue, which causes fluid shear stress on the 
tissue and cells. This research has investigated shear stress rates of 0.1, 1.0 and 4.0 
dyne/cm2 on bovine nucleus pulposus cells. Steady and pulsed flow were studied 
over 1, 4, 8 and 24 hours using Ibidi VI0.4 chambers. Results showed shear stress 
affects the morphology and gene expression of bovine nucleus pulposus cells. 
Morphological changes associated with cell detachment and reduced proliferation 
were seen in cells exposed to 1.0 dyne/cm for 4 and 8 hours and 4.0 dyne/cm2 for 1, 
4 and 8 hours. After 24 hours in 1.0 dyne/cm2 and 4.0 dyne/cm2 all cells had 
detached from the Ibidi VI0.4 slides. There was an increase in cell proliferation in cells 
exposed to 0.1 dyne/cm2 for 4 hours in steady flow and no change in cell number 
compared to control at 1, 8 and 24 hours in steady and pulsed flow. Changes in gene 
expression in 4.0 dyne/cm2 flow were consistent with changes associated with 
catabolic metabolism; downregulation of collagen 2 and aggrecan and upregulation 
of aggrecanase 1 and 2. Results comparing steady and pulsed flow and gene 
expression changes at 0.1 and 1.0 dyne/cm2 were inconclusive, further studies with a 
larger sample size could help to clarify these effects. These findings are important in 
guiding researchers in the development of optimal perfusion bioreactor conditions for 
cell-seeded nucleus pulposus regeneration therapies. The implications for research 
to increase our understanding of fluid flow through the intervertebral disc during 
exercise as a preventative measure for disc degeneration are also discussed.  
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Chapter 1. Introduction 
1.1 Research context 
This research investigates the use of mechanical stimuli by way of fluid shear stress 
to affect the morphology and metabolism of nucleus pulposus cells. The aim of which 
is to gain knowledge which may facilitate novel cell-based bioengineering 
approaches for the treatment of low back pain. Low back pain affects 80% of the 
population at some point in their lives (Andersson, 1999) and causes more global 
disability than any other condition (Hoy et al., 2014). Annual healthcare costs 
associated with chronic low back pain treatment cost the UK £2.8 billion per year 
(Hong et al., 2013). A more recent study in the US found low back pain and neck 
pain to be the third biggest healthcare spend at $87.6 billion per year. Discogenic 
pain; that is pain arising from the intervertebral disc, has been shown to be the most 
common cause of chronic low back pain in adults, accounting for between 26-42% of 
patients (DePalma et al., 2011). The intervertebral discs lie between the vertebrae of 
the spine, they are hydrated fibrocartilaginous structures which give stability while 
allowing movement in the spine, and also act as spacers giving height to the 
interforaminal spaces wherein the spinal nerves lie (Palastanga, 2012). The main 
cause of discogenic pain is now widely thought to be due to internal disc disruption, 
which manifests as degradation of the internal matrix of the disc and fissures which 
extend from the centre of the disc to the outer part of the disc (Adams, 2013). The 
outer third of the disc is innervated and fissures or degraded disc matrix in contact 
with these nerves can illicit pain (Adams, 2013).   
 
The intervertebral disc is a highly hydrated porous structure, consisting of a matrix of 
mainly collagen and the proteoglycan known as aggrecan, which is hydrophilic. 
Nucleus pulposus cells lie within this collagen-aggrecan matrix of the NP and are 
responsible for maintaining the matrix through synthesis of anabolic and catabolic 
proteins in a balanced system (Bogduk, 2011). The environment surrounding the 
cells is paramount to their correct functioning and maintenance of the disc matrix. 
The cells in the intervertebral disc experience mechanical stimuli through postural 
changes, spinal loading and movement. Cells experience compression and 
elongation through physical movement of the disc matrix they lie within and shear 
stress from movement of interstitial fluid surrounding them. Fluid movement into and 
out from the disc as well as through the matrix of the disc (intra-fibrillar) is the focus 
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of this research, there will likely be fluid movement inside collagen fibres as well 
(inter-fibrillar) but this is not discussed.  
 
The mechanism of flow into and through the disc matrix is complex. It is affected by 
the concentration of aggrecan, the hydration of the disc, the porosity of the disc and 
the concentration of the interstitial fluid (Ferguson et al., 2004, Accadbled et al., 
2008, Farrell and Riches, 2011, Nield and Bejan, 2013, Gu and Yao, 2003). 
Therefore, it may be considered likely that different flow types and flow speeds 
(shear stress values) could be experienced by the cells. This could be especially so 
in conditions such as internal disc disruption where the structure of the disc matrix 
breaks down and leads to fissures, which would increase the volumetric flow through 
the matrix due to an increased pore size while decreasing the fluid shear stress due 
to a decreased fluid velocity. Analysing the effect of different flow types and fluid 
shear stress values and over a series of time points would be useful in identifying 
dynamic environments which may be beneficial or detrimental for cell health.  
 
The challenge facing clinicians in the treatment of low back pain is that often the 
condition is so far escalated by the time pain is felt and the patient seeks treatment 
that the options are limited. Current treatments for discogenic pain, discussed in 
Chapter 2 are aimed at reducing patient symptoms rather than curing the underlying 
cause of the pain. Novel research has turned to cell-based regenerative medicine 
with an aim to find treatments for discogenic pain focussed on the possible repair and 
regeneration of the intervertebral disc tissue. These include cell-seeded scaffolds 
which can be inserted into the degraded nucleus pulposus (Fernandez et al., 2016). 
In order to ensure a healthy environment for cells and to promote cell growth and 
uniform distribution on the scaffold, the temperature, pH, nutrient concentration and 
solute concentration surrounding the cells need to be maintained, this is done so 
through a bioreactor (Walter et al., 2014). The role of bioreactors has developed over 
the years from static containers in which the aim was to optimise conditions for cell 
growth to dynamic bioreactors, which try to mimic in vivo conditions, including mass 
transfer and mechanical stimulation. As in static bioreactors they must provide an 
optimum environment for cell requirements, including temperature, pH and ensure 
correct concentrations of oxygen content, nutrient content, growth factor supply. They 
also ensure waste product removal to maintain the balance required to maintain cell 
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health and metabolism and the exposure of cells to mechanical stimuli through 
loading or shear stress (Bancroft et al., 2003, Raimondi et al., 2016, Ding et al., 
2016).  
 
1.2 Research focus 
Mechanotransduction is the mechanism by which cells turn mechanical signals into 
biochemical signals. NP cells in vivo are anchored to their extracellular matrix 
through focal adhesions. Changes in mechanical stimuli through loading of the 
intervertebral disc have been shown to affect the metabolism of NP cells (Le Maitre 
et al., 2009, Wang et al., 2011, Neidlinger-Wilke et al., 2006). However, there is only 
one other research study on the effect of shear stress as a mechanical stimuli on NP 
cells (Wang et al., 2011). There is a large body of research on the effect of shear 
stress on cells in other body tissues, for example in endothelial cells of the vascular 
system (Chatzizisis et al., 2007, Traub and Berk, 1998), and more recently 
chondrocytes (Gharravi et al., 2016, Wan et al., 2013) and stem cells (Sonam et al., 
2016, Raimondi et al., 2016); and it has been demonstrated this fluid movement 
causes mechanotransduction in cells which can help to maintain the balance in 
metabolism required for a healthy tissue matrix or can cause degenerative effects.  
 
This research aims to build on the gap in current knowledge regarding the effect of 
shear stress on NP cells and with perfusion bioreactors becoming ever more popular 
in the field of bioengineering any information which could guide the successful use 
and development of these novel bioreactors should be utilised. Increasing research 
knowledge of the influence of shear stress on NP cells and furthermore if different 
regimes of flow; including type of flow, speed of flow and duration of flow applied to 
NP cells will be of value to the bioengineering research community working to 
develop novel cell-based treatments for discogenic pain. The main research question 
to be answered is; does fluid shear stress affect nucleus pulposus morphology and 
gene expression? Further questions emerging from this are; does the type of fluid 
shear stress (steady or pulsed) affect NP morphology and gene expression? Does 
the shear stress rate affect NP morphology and gene expression? And if so, does the 
length of time cells are exposed to the shear stress have an influence on the cell 
morphology and metabolism? 
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Answers to these questions will also give a greater understanding of the role of shear 
stress on NP cells which will likely increase the body of knowledge surrounding 
mechanotransduction of NP cells with respect to the effect of shear stress on the 
morphological and metabolic response of NP cells to shear stress. This should also 
help to guide researchers using perfusion bioreactors on flow regimes in which to 
expose cell-seeded scaffolds, including information on the type of flow, the speed of 
flow and the duration of flow. 
 
1.3 Brief methodology 
In order to create a dynamic flow environment over the cells, they will be grown in a 
parallel plate flow chamber. The cells are grown in a monolayer and adhere to the 
bottom surface of the slide and then a thin film of fluid is driven over them using a 
pump. A monolayer is used so that the appearance of the cells can be more easily 
studied. The small size of the channel allows a laminar flow of which the 
characteristics can be used to determine the shear stress that the cells experience in 
the flow chamber from a known volumetric flow rate. Two types of pumps will be 
used in this research to create two different types of fluid flow; steady and pulsed.  In 
order to determine the NP cell condition under flow regimes, the morphology and 
metabolism of the NP cells will be assessed. Assessing morphological changes of 
the cells will allow tracking of any changes in cell number; which could indicate if 
cells have proliferated (increased in number) or detached from the slide (decreased 
in number). The number of focal adhesions per cell will also be assessed. Focal 
adhesions are responsible for adherence of cells to the flow chamber (Geiger et al., 
2009). Nucleus pulposus cells respond to mechanical stimuli in their environment 
through focal adhesions, which are junctions between inner and the extra-cellular 
matrix (Nettles et al., 2004). The shape of the cells will be tracked by analysing the 
cell circularity, the “roundness” of the cell which is a value between 1 and 0, with 1 
signifying a circle and 0 signifying a straight line. Assessing the possible synthesis of 
proteins by the cell through analysing the gene expression would give an indication 
about the metabolism of the cell and if a change in environment through shear stress 
would change the proteins synthesized by the cell. The gene expressions that will be 
studied are of collagen 1, collagen 2 and aggrecan, all of which are genes found in 
anabolic metabolism and are responsible for building the matrix of the intervertebral 
disc and aggrecanase 1 and aggrecanase 2 which are associated with catabolic 
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metabolism of cells, involved in the breakdown of the hydrophilic protein aggrecan. A 
balance between these anabolic and catabolic processes is essential for the correct 
functioning of the intervertebral disc (Grunhagen et al., 2006). Analysis of the 
morphology and metabolism by the methodology briefly discussed will answer the 
research questions and help to fill a gap in knowledge surrounding the response of 
NP cells to fluid shear stress. 
 
1.4 Outline of chapters 
This chapter has detailed a brief overview of the purpose of the project and gap in 
research. Chapter two details a more in depth look at some of the background topics 
discussed in this chapter and literature review as a basis for the rationale for this 
project. Chapter three details the methodology chosen for the study, the rationale for 
the choice of flow chamber and pumps are discussed, and the methods of 
quantifying any changes seen in the cells are described. Chapter four will detail the 
results that were obtained for the 8 dependent variables under the 3 independent 
variable conditions.  Mixed ANOVAs, one-way ANOVAs and Repeated Measured 
ANOVAs will be used to compare between-subject results and within-subject results. 
Chapter five will discuss the results analysed and link these findings to the greater 
research area as discussed in the literature review. Limitations of the project and 
future work will also be discussed at this point.  Finally, chapter six will draw the main 
conclusions found from the research and how this can aid in the field of 
bioengineering of novel intervertebral disc treatments. 
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Chapter 2. Background 
 
The early focus of this chapter in section 2.1 describes the anatomy and function of 
the nucleus pulposus. It begins with the general structure of a spinal segment 
through to the more detailed structure and function of the vertebral endplates and 
intervertebral disc. The structure and function of the healthy nucleus pulposus matrix 
is then described including the mechanisms by which fluid flows to and from the 
nucleus pulposus and how the healthy nucleus pulposus maintains nutrition and 
hydration. Description of the nucleus pulposus cells, down to the delicate detail of the 
DNA contained within the nucleus of the cell is then described. Section 2.2 outlines 
the regulation of the nucleus pulposus matrix and how the surrounding environment 
of a cell can alter the proteins that it synthesises through mechanical forces (such as 
fluid shear stress) and biochemical processes. Section 2.3 outlines what happens 
when the matrix of the nucleus pulposus degrades, the processes of intervertebral 
disc degeneration, discogenic pain and disc prolapse and treatment options are 
discussed. Section 2.4 discusses novel cell-based therapies as an exciting new area 
of research in the possible treatment of IDD leading onto the aims and objectives of 
the research. The chapter concludes with section 2.5 in which the findings of the 
chapter are drawn together to justify the aims and objectives of the research 
undertaken. 
 
2.1 The Structure and Function of the Nucleus Pulposus of the Lumbar Spine 
2.1.1 Nucleus pulposus structure  
The nucleus pulposus lies within the intervertebral discs of the spine, there are 23 
intervertebral discs in the spinal column, as shown in figure 2.1a. The discs act as  
spacers between the vertebrae to maintain the intervertebral foramen and allow 
movement with stability through the spine (Costi et al., 2007). Vertebral endplates lie 
between the disc and the vertebrae. Facet joints link the vertebrae together at the 
posterior aspect of the spine (Palastanga, 2012). The intervertebral discs contain the 
nucleus pulposus and annulus fibrosus and create intervertebral foramen, spaces 
between the vertebrae, wherein lie the spinal nerves. The role of the intervertebral 
disc (IVD) is to allow supportive movement and load transfer. The vertebral endplates 
are permeable and allow the transfer of nutrients and fluids between the vertebral 
body and the nucleus pulposus. Ligaments surround the facet joints and support the 
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anterior and posterior of the spine. Muscles are attached to the spine itself and 
surround the spine to give support and facilitate movement. Back pain arising from 
the lumbar spine is the focus of this research. The lumbar spine consists of the 
lowest 5 vertebrae as shown in figure 2.1. 
 
 
                                       a)                                     b)                                             
 
 
       
c) 
Figure 2.1 a) The spinal column, b) the lumbar spine c) a spinal segment 
(Palastanga, 2012) 
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The focus of the research undertaken was on fluid flow in the nucleus pulposus. The 
nucleus pulposus is in direct contact with the vertebral endplate and annulus 
fibrosus, which are integral to its structure and function. The annulus fibrosus and 
nucleus pulpous make up the intervertebral disc. The intervertebral disc consists of 
the nucleus pulposus surrounded by the annulus fibrosus. The first published 
dissection of the intervertebral disc was performed by Coventry (1945) and detailed a 
poroelastic structure made up of layers of a fibrocartilaginous collagen and 
proteoglycan matrix. Thirty years later scanning electron microscope (SEM) images 
of human discs of various ages detailed an adult human annulus with a regular 
network of collagen fibrils on average 0.1-0.2 µm thick with a regular periodicity of on 
average 600 angstrom in width and a less structured nucleus pulposus with a loose 
network of collagen fibres (Inoue and Takeda, 1975).  
 
 
Figure 2.2 The Intervertebral Disc the gel-like centre (NP) and the outer 
cartilaginous layers (lamellae) of the AF 
 
The main components of the intervertebral disc are water, collagen and proteoglycan 
and these components are integral to the functioning of the disc. In a healthy 
intervertebral disc, the annulus fibrosus consists of 10-20 lamellae arranged in 
concentric rings. They are orientated at 120o-130o to each other and the direction 
from layer to layer changes to give the disc anisotropy which adds to its strong 
tensile properties in 6 degrees of freedom. The healthy annulus pulposus (AP) 
contains up to 70 % water (Bogduk, 2011). The nucleus is a less well organized, but 
more hydrated structure, containing irregularly arranged collagen fibres and up to 
80 % water (Urban and Maroudas, 1981). The high water content of the disc is due to 
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a proteoglycan called aggrecan, which is a hydrophilic protein, and is crucial for the 
correct functioning of the intervertebral disc (Melrose et al., 2008).   
 
2.1.2 Nucleus pulposus nutrition 
The endplate is essential for IVD nutrition, it is a structure less than 1 mm thick which 
is situated between the intervertebral disc and the vertebra. It consists of a hyaline 
cartilage layer; the cartilage endplate (CEP) and an osseous layer; the bony endplate 
(BEP) (Malandrino et al., 2014). The cartilage layer consists of collagen I and II, 
proteoglycans, water and chondrocyte cells. The collagen fibres are aligned 
horizontally. The bony part consists of fused trabecular bone, is porous and contains 
osteocytes (Lotz et al., 2013). The endplate covers the full superior and inferior 
surfaces of the nucleus pulposus and the inner half of the annulus fibrosus, as shown 
in figure 2.3. The collagen fibres of the inner half of the annulus fibrous run through 
the endplate. This causes the attachment of the intervertebral disc to the endplate to 
be much stronger than the attachment of the vertebral body to the endplate (Inoue 
and Takeda, 1975). The endplate is infiltrated by capillaries from which nutrients can 
flow to and from and diffuse into the intervertebral disc (Crock et al., 1973). This is 
essential for the nutrition of the endplate and intervertebral disc (Holm et al., 1981). 
 
 
Figure 2.3 The Intervertebral Endplates and Vascular Supply 
 
Cells must be surrounded by the correct environment to function effectively which 
requires an adequate nutrient supply. Electrolytes are essential to control cell 
membrane stability; oxygen and glucose are essential as energy sources for ATP; 
and growth factors are essential for cell proliferation. Nutrition for nucleus pulposus 
cells is essential to maintain a healthy nucleus pulposus matrix. However, the 
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nucleus pulposus does not have a direct blood supply, so depends on neighbouring 
blood supplies in the endplate and outer annulus for transport of nutrients. Interstitial 
fluid within the IVD consists of water dissolved with electrolytes; Na+, Cl-, Ca2+, larger 
molecules; cytokines and growth factors, and small solutes; oxygen, carbon dioxide, 
glucose, and lactate.  
 
 
 
Figure 2.4 Nutrition to and from the intervertebral disc 
 
The electrolytes and small solutes freely pass through the vertebral endplate and 
disc by diffusion caused by concentration gradients (Urban, 1977, Ferguson et al., 
2004).  As oxygen and glucose are metabolised by the cells their concentration in the 
matrix will decrease, maintaining a concentration gradient. Equally, as carbon dioxide 
is produced by the cells and its concentration increases, so will the concentration 
gradient be present for carbon dioxide to be expelled from the disc. Small nutrients 
and ions, such as  Na+, Cl-, K+, Ca2+, O2, CO2 and glucose diffuse to and from the 
capillaries in the bony end plate, through the cartilage end plate and to and from the 
nucleus pulposus.  These small nutrients are also able to diffuse to and from the 
annulus fibrosus due to the capillary supply in the outer layers of the annulus fibrosus 
and from there can diffuse into the nucleus pulposus. Larger molecules such as 
cytokines, which are important for regulation of cell processes (Park and Park, 2016), 
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travel through the disc due to ‘Pressure-Driven Flow’, caused by pressure changes in 
the disc creating fluid movement.  
 
 
Figure 2.5 Flow of nutrients (green dots) to and from the intervertebral disc 
from the surrounding blood supply. 
 
Nutrients will flow through the quickest route to get to the disc and this can be 
influenced by spinal posture and movement (Ferguson et al., 2004). Studies 
investigating postures which could help nutrition of the disc showed that flexed 
postures favoured movement into the posterior of the disc and upright postures 
favoured fluid movement into the anterior of the disc. Flattening the lordosis of the 
lumbar spine when sitting and lifting heavy weights may be more advantageous due 
to flexion improving transport of metabolites and reducing stress on the facet joints. 
However, flexion also increases stress on the anterior annulus fibrosus and 
increases hydrostatic pressure at low load levels so may not be advisable for 
prolonged postures. (Adams and Hutton, 1983, Adams et al., 1986a).  
 
2.1.3 Intradiscal pressure 
The central portion of the nucleus pulposus originates from the notochord of the 
developing foetus. Its periphery is derived from the mesenchyme and is 
fibrocartilaginous. At birth, notochordal cells are still present but these reduce with 
age and in most cases are no longer present from four years of age (Bogduk, 2011). 
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The nucleus pulposus matrix consists mainly of collagen II, the proteoglycan known 
as aggrecan, and water. In smaller abundance, there is also collagen I and the 
proteoglycan known as versican present. The structure of proteoglycans causes 
them to be highly hydrophilic. They consist of keratin sulphate and chondroitin 
sulphate glycosaminoglycan (GAG) chains which are made up of numerous carboxyl 
and sulphate groups, these groups become negatively charged when dissolved in the 
interstitial fluid which bathes the disc (Varki et al., 1999, Hillsley and Frangos, 1994). 
These negative charges attract the dipole of the hydrogen on the water molecules 
which holds water in the disc.  To a lesser extent, the shape of the long proteoglycan 
(PG) strands also help to trap water molecules.   
 
 
Figure 2.6 General proteoglycan structure showing attachment of the core 
protein to the hyaluronic acid back bone by a link protein 
 
As shown above in figure 2.6 and 2.7, proteoglycans consist of chains of 
glycosaminoglycans (GAGs, for example chondroitin sulphate and keratan sulphate) 
linked to proteins.  
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Figure 2.7 Detailed structure and shape of aggrecan molecule  
 
Figure 2.7 shows the molecular structure of the two types of chondroitin sulphate (4 
and 6) and keratan sulphate as well as the structure of hyaluronic acid which makes 
up the backbone of the GAG. This shows the COOH and SO4 groups which become 
COO- and SO3- in fluid and create the hydrophilic nature of the GAGs. 
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Figure 2.8 Structure of 4 GAGs contained in aggrecan 
 
One of the fundamental functions of the nucleus pulposus is its ability to with stand 
and distribute load through the intervertebral disc. As mentioned, water, collagen and 
proteoglycan are the main components of the IVD and give the disc its structure and 
allow it to function normally. Due to the high water content of the nucleus pulposus, in 
its simplest form it can be thought of as a ball of fluid which can be deformed but not 
compressed (Iatridis et al., 1996). In a healthy, hydrated disc, when pressure is 
exerted on the disc through muscle forces and spinal movement, pressure is first 
exerted on to the nucleus pulposus which sits just proud of the annulus fibrosus 
which then exerts pressure against the annulus fibrosus, see figure 2.7. In a healthy 
AF, the high tensile properties of its collagen fibres prevent deformation and oppose 
the pressure exerted on them. Vertebral endplates create the same opposition of 
pressure and this causes the intradiscal pressure in the nucleus pulposus to increase 
(Nachemson and Morris, 1964b).  
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Figure 2.9 Schematic drawing depicting compression of IVD due to muscle 
forces and intradiscal pressure created as a result  
 
Intradiscal pressure has been measured during in-vivo studies where a pressure 
transducer needle was inserted into the centre of the NP in live human subjects. 
During these studies pressure in the centre of the disc ranged from 0.1MPa to 
1.1MPa. The lowest readings were yielded when the person was supine lying and the 
highest readings were in flexed standing with loading (Nachemson and Morris, 
1964b, Wilke et al., 1999). The NP will withstand the pressure exerted on it until the 
intradiscal pressure exceeds the osmotic pressure created through the hydrophilic 
nature of the proteoglycan (Wognum et al., 2006). This is called the fixed charge 
density (FCD) and is a measure of the negative charges (carboxyl and sulphate 
groups) attached to the disc matrix. The unit is measured per unit volume and is 
often written in units of milliequivalents (mequiv) which is the amount of substance 
required to supply one mole of electrons in a redox reaction (Urban and Maroudas, 
1979). When the pressure exerted on the disc exceeds the osmotic pressure 
resulting from the FCD then, due to the porous nature of the disc matrix, fluid flows 
from the disc and due to the reduced pressure of the NP resulting in axial load acting 
directly through the AF instead of being shared with the NP, bulging of the AF occurs 
(Hickey and Hukins, 1980). Fixed charged density has been measured and found to 
reduce as the IVD aged, 0.28mequiv/g in 27-year-old disc compared to 0.18-0.24 
mequiv/g in 74-year-old disc. It was highest in the NP and fell steeply in the outer 
annulus to about 0.07-0.13 mequiv/g (Urban and Maroudas, 1979).  
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2.1.4 Nucleus pulposus fluid movement  
Fluid flow into the disc occurs through the porous vertebral endplates directly to the 
nucleus pulposus and from the outer annulus fibrosus to the inner annulus fibrosus 
and then to the nucleus pulposus. Fluid flow out of the disc follows the same 
pathways in reverse. The movement of fluid through the collagen fibrils of the 
extracellular matrix is termed interfibrillar flow. Fluid also flows within the collagen 
fibres, known as intrafibrillar, although this is not covered in this research. For the 
purpose of discussing the mechanism of flow to and from the disc in this section; 
mechanisms which draw fluid into the disc from outside the disc and then through 
interfibrillar flow within the extracellular matrix of the disc to the nucleus pulposus, 
and the reverse mechanism which extrudes fluid out from the nucleus pulposus to 
the outside of the disc are discussed. In discussing fluid shear stress through fluid 
flow over the NP cells, see section 2.6, interfibrillar fluid flow through the extracellular 
matrix of the NP is the focus.  
 
Flow to and within the disc is complex but can be described by 4 mechanisms. 
Mechanisms 1-3 are termed diffusio-osmotic flow and mechanism 4 is pressure-
driven flow. Mechanisms 1 and 2 are governed by carboxyl and sulphate groups on 
the glycosaminoglycan dissociate due to the water molecules in the interstitial fluid to 
create negatively charged COO- and SO3- (Linn and Sokoloff, 1965). This creates two 
methods of water movement into and within the disc, in mechanism 1 the dipole 
nature of the water molecules are attracted to the negative charges and in 
mechanism 2 the K+ and Na+ ions which were dissociated from their negative Cl- 
counterpart are also drawn towards the carboxyl and sulphate groups which creates 
an osmotic gradient which draws water through osmosis (Gu et al., 1998).  
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a)                                                  b) 
Figure 2.10 a) dipole of water molecule, attracted to negative charge of COO- 
and SO3-, from GAGs, b) high electrolyte concentration within disc due to influx 
of K+ and Na+ causes water to flow in down a concentration gradient. 
 
Mechanism 3 is due to the small pore size in the disc causing electro-osmosis effects 
at the solid-fluid boundary which effects the cations and anions in the interstitial fluid. 
The negatively charged ions in the tissue cause the cations near the tissue surface to 
be attracted to the wall, this creates an electric double layer (EDL) which has a 
higher cation content (Lai and Mow, 1999). The fixed charge density (FCD) in the NP 
is higher than in the AF so there is an attraction of cations though the outer pores 
(AF) in the disc matrix to the inner (NP), this attraction of cations creates a bulk flow 
in the fluid (Urban and Maroudas, 1979). The charged nature of the fluid and disc 
tissue are integral to their role in movement of fluid through the disc through Electro-
Osmotic Flow (EOF).  EOF creates fluid flow through and within the disc due to the 
negative charge of the tissue. The cations (positive ions) in the fluid are drawn to the 
channel which form the Stern Layer, a boundary of strongly attracted cations 
attached to the wall. The next boundary is the layer with a greater concentration of 
cations than anions, but they are not adhered to the channel wall, this is known as 
the diffuse layer. These two boundaries make up the Electric Double Layer (EDL), 
shown in figure 2.11. The addition of an electric field at the end of the channel, such 
as in the high aggrecan content of the IVD matrix on the EOF creates movement of 
the excess of free ions in the diffuse layer which induces a bulk flow, so draws fluid 
towards the aggrecan and maintains the hydration of the disc (Mitra, 2012). 
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Figure 2.11 The Electric Double Layer (EDL), as present on the solid-liquid 
boundary in negatively charged biological tissue, such as the IVD (Mitra, 2012). 
 
The fourth method of fluid delivery is through pressure driven flow through diurnal 
changes (sitting, standing, lying down, creating pressure changes over the disc) 
(Malko et al., 1999) and spinal movements. This has been discussed in section 2.2 in 
relation to the movement of larger solutes, growth factors and cytokines through the 
disc, but is also a mechanism of flow of fluid into and out of the disc. The disc has 
been shown to imbibe fluid overnight and increase in height by 10% compared to 
disc height at the end of the day (Zander et al., 2010) 
. 
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Figure 2.12 Fluid movement through endplates and AF through pressure-
driven flow 
 
Pressure–driven fluid flow also affects the EDL mentioned previously, resulting in the 
flow of cation-heavy diffuse layer to the end of the channel creating a flow of cations 
at the surface against the pressure driven flow (Mitra, 2012). This is known as the 
streaming potential and creates an additional electro-viscous effect which can cause 
the actual flowrate to be lower than the expected flow rate (Li, 2001) which adds to 
the complexity of fluid flow in the disc, this is discussed further in limitations in 
Chapter 5.  
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Figure 2.13 The Streaming Potential as is present in negatively charged 
biological tissue, such as the IVD. Pressure driven flow creates a streaming 
potential close to the solid-liquid boundary which can affect fluid flow rates 
 
As fluid is driven through the pores in the disc matrix, an individual pore can be 
thought of as a microfluidic channel where counterions in the diffuse layer are driven 
to the end of the channel, resulting in a greater counterion concentration at the end of 
the channel which in turn results in a flow of counterions in the opposite direction, to 
the direction of pressure driven flow. This flow in the opposite direction is known as 
‘The Streaming Current’ and the potential it develops is known as ‘The Streaming 
Potential’, shown in figure 2.13.  The streaming potential has been used to measure 
the amount of degeneration in the intervertebral disc using needle electrodes (Iatridis 
et al., 2009, Fujisaki et al., 2011, Iatridis et al., 2003). It is responsible for higher 
viscous effects in microfluidic channels than would be found in macroscopic 
channels, leading to reduced velocity and increased pressure drop than may be 
expected.  
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In a relatively healthy disc, mechanisms 1-3, which are dependent on the negative 
charge in the disc and ionic content of the interstitial fluid, would be expected to 
cause fluid to flow towards the highest FCD, through the AF and vertebral endplate to 
the NP. Mechanism 4 would be expected to cause fluid to flow into and out from the 
disc. The ability of the nucleus pulposus to maintain its complex structure and 
hydration relies on the complex nature of its extra cellular matrix. Section 2.2 
discusses how the nucleus pulpous cells regulate the nucleus pulposus matrix. 
 
2.2 Regulation of the Healthy Nucleus Pulposus Matrix in the Lumbar Spine 
2.2.1 Nucleus pulposus cells 
The matrix of the disc is a sensitive structure which is kept stable by the continually 
functioning processes of the cells within it. The phenotype of a cell (the observable 
characteristics) is determined by its genotype (the genetic coding) and the 
environment surrounding the cell (the extracellular matrix), which can influence the 
gene expression of a cell. The gene expression is the term given to the process by 
which the information from a gene is used in the synthesis of a gene product (usually 
a protein) (Johnson, 2015). This synthesis is often described as anabolic metabolism 
(the building of molecules from smaller units, for example in the IVD the synthesis of 
aggrecan and collagen) or catabolic metabolism (the synthesis of molecules into 
smaller units; for example in the IVD the synthesis of aggrecanases which break 
down aggrecan, or collagenases which break down collagen) (Neidlinger-Wilke et al., 
2006).  
 
Cells make up only approximately 1% of the disc material, but are essential for the 
functioning of a healthy disc. Cells are the building blocks of the body, they are 
responsible for tissue growth, tissue maintenance and tissue healing (Johnson, 
2015). In the intervertebral disc the cells sit within the collagen-proteoglycan 
extracellular matrix. Cells in the intervertebral disc are less populated than other 
areas of the body, with 5,000 cells/cm3, in comparison to chondrocytes in knee 
cartilage at 40,000,000 cells/cm3 (Horner et al., 2002) or osteoblast in bone at 11, 
000, 000 cells/cm3 (Egan et al., 1991). Human nucleus pulposus cells share a 
common phenotype with articular chondrocytes, expressing similar genes. However, 
they also demonstrate morphological and physiologic differences which are not yet 
fully understood (Minogue et al., 2010). The DNA in the healthy NP cell is 
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responsible for the manufacture mainly of collagen and aggrecan. Collagen types I-VI 
are present in the human body and the most prevalent in the disc are types II 
followed by type I. Aggrecan is the most prevalent proteoglycan, followed by 
versican. Aggrecan is hydrophilic and extremely important to the functioning of the 
intervertebral disc due to its ability to keep the disc hydrated (Minogue et al., 2010), 
as seen in section 2.2. Nucleus pulposus cells sit within the collagen fibrils of the 
matrix. NP cells originate from the notochord of the developing foetus. Immature NP 
cells have large vacuoles, a high abundance of F-actin and are densely populated. 
Vacuoles are spaces which a cell uses to store nutrients needed for cell survival or 
waste products to prevent a cell becoming contaminated. F-actin is a protein which is 
critical in the role of cellular functions, such as regulating cell transcription to 
determining cell shape. However, even in early adolescence these cells have been 
shown to change. The cells of the NP are shown to be chondrocyte-like, it is thought 
these cells migrate to the NP from the vertebral endplates, although there are some 
studies which declare these cells may be the original cells which have differentiated 
to become more chondrocyte-like than their notochord derived predecessors. Cells in 
the mature human NP display cytoplasmic processes which are also seen in the NP 
cells of the bovine disc and high levels of Vimentin, which is a key intermediate 
filament, required for cell adhesion and signalling. Cytoplasmic processes have been 
shown to be present in areas of high loading, such as in the NP, in human and 
bovine subjects. 
 
NP cells, like all eukaryotes, possess an encased nucleus, within this is stored the 
Deoxyribonucleic acid (DNA) from which the proteins of the NP are made, as shown 
in figure 2.13. The DNA of all cells consist of long, paired, polymer chains, formed of 
the same four nucleotides. Nucleotides consist of a sugar (name deoxyribose) with a 
phosphate group attached and one of the four following bases adenine (A), thymine 
(T), cytosine (C) and guanine (G).  
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Figure 2.14 Nucleus pulposus cell, showing DNA contained within the nucleus 
 
Each sugar on the nucleotide is linked to another sugar by the phosphate group 
which results in a chain of sugar-phosphate with bases protruding from it. This leads 
to a single strand of DNA, see figure 2.14. In the living cell DNA is synthesized as a 
double stranded helix however, the bases of one strand linking to the bases of 
another strand. These bases can only pair up in a certain way, A binds to T and C 
binds to G. In this way, the well-known structure of the double helix of DNA is formed. 
The bonds holding the bases together are weak in comparison to the sugar- 
phosphate bonds and this allows the double strand DNA to be separated to single 
strand, without affecting the sugar-phosphate ‘back-bone’. These single strands can 
then serve as 2 templates for the formation of 2 new double strands of DNA. In this 
way DNA replication is accomplished which ensures that each new cell has contains 
its own copy of DNA. This is essential for cell division during growth or repair of the 
nucleus pulposus matrix, which is discussed in the following section. 
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Figure 2.15 The 4 nucleotides of DNA, dotted lines depict hydrogen bonding 
between the bases. The sugar and phosphate groups link to make the DNA 
backbone. 
 
 
2.2.2 Protein synthesis 
The two main structures (except for water) found in the nucleus pulposus; collagen II 
and aggrecan, are proteins. Synthesis of proteins by the cells in the nucleus 
pulposus matrix occurs in two phases; transcription and translation. Transcription 
takes place within the nucleus of the cell, during transcription ribonucleic acid (RNA) 
is synthesised from DNA in 3 steps; initiation, elongation and termination. During 
initiation the DNA double strand is split. Each DNA strand has a sequence near the 
beginning of the gene known as a ‘promoter’. RNA polymerase links to this promoter 
sequence and separates the double DNA strand. This creates 2 single strands of 
DNA which are used in the next step; elongation. RNA polymerase ‘reads’ the 
sequence on one of the single strands of DNA, the polymerase builds a strand of 
RNA which complements the DNA sequence. In a similar way to DNA base pairing, 
C binds to G, but for RNA the base uracil (U) replaces thymine (T), so A binds to U 
(rather than T) (Johnson, 2015).  
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Figure 2.16 DNA transcription and translation in the nucleus of the cell 
 
This continues until the third step; termination. Sequences of nucleotides, known as 
terminators, halt the elongation process, once transcribes and the release the strand 
from the RNA polymerase. This strand, known as the messenger RNA (mRNA) then 
moves out of the cell to the cytoplasm where translation occurs, synthesising a 
protein from the RNA strand. The RNA strand attaches to a ribosome where protein 
synthesis takes place. Every 3 bases on the mRNA strand are known as a codon and 
form an amino acid. Another RNA strand, known as transfer RNA (tRNA) is involved 
now in translation, it transports amino acids to the ribosome, matching the codons in 
the mRNA to their corresponding amino acid, peptide bonds form between these 
amino acids to form a protein molecule. The protein molecule is then excreted from 
the cell membrane through exocytosis, a process by which the amino acid chain 
making up the protein molecule is engulfed by the cell membrane and passes from 
inside the cell to the extra-cellular matrix (Johnson, 2015). 
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Figure 2.17 Protein synthesis from mRNA by ribosome in the cytoplasm 
 
2.2.3 Cell function in the NP 
NP cells naturally go through changes in response to their environment or their 
inherent processes. These physiologic changes in the cells are in turn responsible for 
the matrix proteins in the extra-cellular matrix surrounding the cell. Cell proliferation, 
or cell growth is the term used to describe a cell dividing. In nucleus pulposus cells 
this process is known as mitosis and describes the way one cell divides in to two 
cells, the proliferation of NP cells is therefore exponential (Lee, 2016). Cell growth is 
mediated by growth factors. Cell senescence is the term used to describe cells which 
no longer divide, they are alive and able to perform other physiological processes, 
but do not proliferate. The vast majority of cells display senescence, in culture this 
has been shown after approximately 50 population doublings, the cells then fail to 
divide again. Cancer cells do not display senescence and it is thought that 
senescence may be a preventative mechanism against cancer. Once a cell shows 
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senescence then no stimuli has been found which will reverse the senescence 
except for the inactivation of tumour suppressor genes (Campisi, 2013).  
 
Cell apoptosis, or cell death is a natural process that occurs when a cell is no longer 
needed by a tissue, the cell dies neatly, and its contents are digested by other cells. 
This is not to be confused with cell necrosis which is cell death due to injury and is 
usually associated by an inflammatory response in the tissue. In necrosis the cell 
contents burst or leak over other cells affecting their processes (Johnson, 2015).  
 
Cell differentiation is the term used to describe the process by which cells become 
more specialized in their function. The ability of a cell to differentiate into other types 
of cell is called the cell potency. A fertilized human cell for example is totipotent, 
meaning they can differentiate into any type of cell in the foetus or human body, 
embryonic stem cells are termed pluripotent as they can differentiate into any adult 
cell in the human body. Multipotent cells are able to differentiate into several cell 
types in the body, for example human umbilical cord blood has cells have been 
differentiated into nerve cells. Oligopotent cells have the ability to differentiate into 
only a few cells types, for example some vascular stem cells which can differentiate 
into smooth muscle and endothelial cells. Most cells in the body, including the 
chondrocyte-like cells of the adult nucleus pulposus, are not stem cells so do not 
have the ability to differentiate into a different type of cell. However, they do have the 
ability to change their gene expression, depending on their environment, a process 
known as mechanotransduction (Johnson, 2015).  
 
2.2.4 Cell metabolism in the NP 
Normal cellular processes mediate a balance between anabolic metabolism and 
catabolic metabolism to control synthesis in the matrix by the disc cells. As the cells 
naturally age, so changes occur which affect this balance and lead to natural age-
related changes in the disc. The cells of the nucleus pulposus alter mostly in the first 
few years of life. The cells of the NP at birth are notochordal, but after a few years 
they have changed to the chondrocyte-like cells seen in the adult nucleus pulposus 
(Setton and Chen, 2004). This is the case in other mammalian species, such as 
bovine. It is not known definitely whether these chondrocyte-like cells have 
differentiated from notochord cells, or whether the notochord cells have died and 
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been replaced by chondrocyte cells which have migrated from the vertebral 
endplates or inner annulus (Risbud et al., 2010, Kim et al., 2003, Kim et al., 2009) . It 
is interesting that not all mammalian species follow this pattern, porcine models 
maintain notochord cells into adulthood, and do not show the same level of 
degeneration seen in discs without notochord cells. Chondrodystrophic canine 
breeds, such as beagles, do not maintain notochord cells into adult hood and show 
early signs of disc degeneration, non-chondrodystrophic canine breeds maintain 
notochord cells into adult life and do not show signs of early degeneration (Smolders 
et al., 2013). The reason for the change in cells is thought to be as a result of the 
shrinkage of the already small blood supply to the nucleus pulposus soon after birth. 
This concept appears to have been supported by Guehring et al., (2009) in an animal 
model study which compared the response of notochord cells (NC) and chondrocyte-
like mature nucleus pulposus cells (NMPCs) to deprivation on nutrients and found the 
notochord cells to be adversely affected nutrient deprivation compared to the 
chondrocyte-like cells. As the cells change from notochord to chondrocyte-like so do 
does the matrix they synthesize. The biggest change is the aggrecan content which 
reduces from 65 % in young adults to 30 % by the age of 60 (Buckwalter, 1995). This 
reduction is due to a decrease is aggrecan synthesis as well as a degradation of 
aggrecans, resulting in shorter chains. There is also an increase in collagen I fibres in 
the nucleus pulposus which are thicker and more rigid than the collagen II fibres 
originally present. This also leads to more collagen-aggrecan bonding, which leaves 
less sulphate and carboxyl ion groups available for the attraction of water into the 
disc. Leading to dehydration of the disc which is shown on an MRI scan as a disc 
which is darker in colour than a disc which is well hydrated (Bushell et al., 1977). 
Interestingly this reduction in water content, does not lead to disc thinning, due to a 
simultaneous increase in collagen I, causing the disc to be more rigid and collagen 
rich, so leading to a stiffer, but not thinner disc. 
 
The NP are responsible for the production of proteins which are responsible for the 
replacement of collagen in the disc and reduction or chondroitin sulphate. The cells 
are affected as the blood supply to the disc changes in the first 10 years of life and by 
their natural senescence as they age. The role of the changing environment and its 
effect on the cell is known as mechanotransduction and is discussed in the next 
section. 
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Figure 2.18 Aggrecan with the long chains of chondroitin 4 sulphate and 
chondroitin 6 sulphate chains degraded by aggrecanases compared to figure 
2.7, resulting in a reduction in water binding ability. 
 
2.2.5 Mechanotransduction in the NP cell 
Mechanotransduction describes the way in which cells interact with their environment 
and change mechanical forces into biochemical processes (Wang et al., 1993). 
Application of mechanical stimuli such as pressure changes and fluid shear stress 
activate mechanosensitive ion channels, heterotrimeric G proteins, protein kinases 
and other membrane-associated signal-transduction molecules (Yoshizumi et al., 
2003). This influences the gene expression of the cell causing alterations in the 
protein synthesis of the cell to the extra cellular matrix (Wang et al., 2009). Human 
intervertebral disc cells share a common phenotype with articular chondrocytes, 
expressing similar genes. However, they also demonstrate morphological and 
physiologic differences which are not yet fully understood (Minogue et al., 2010). The 
DNA in the healthy nucleus pulposus cell is responsible for the manufacture mainly of 
collagen II and aggrecan. Aggrecan is the most prevalent proteoglycan, followed by 
versican. Aggrecan is hydrophilic and extremely important to the functioning of the 
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intervertebral disc due to its ability to keep the disc hydrated (Minogue et al., 2010). 
Integrins are an essential part of the mechanotransductive process, they are cell 
adhesion molecules that regulate interactions between a cell and its surroundings. . 
Integrins are key players by which cells interact with their environment (Nettles et al., 
2004). They bind cells to their extra cellular matrix through their cytoskeleton, see 
figure 2.19. They consist of an alpha and a beta sub-unit combined con-covalently 
(Nettles et al., 2004) which attach to ligands in the extra cellular matrix, such as 
fibronectin (Gilchrist et al., 2011), to create junctions known as known as focal 
adhesions  
 
 
 
 
Figure 2.19 Focal adhesion components showing vinculin (in purple) as an 
integral part. 
 
Cells have also been shown to react to their environment through cell-cell 
interactions, but as the cell density in the nucleus pulposus is so low the more likely 
mechanism through which intervertebral disc cells react to their environment would 
be cell-matrix interactions (Gilbert et al., 2016). Most cell-matrix interactions are 
connected to a contractile actin network that tends to pull the junctions inward 
(Horzum et al., 2014). When the cells are attached to a rigid matrix it strongly resists 
these pulling forces, the cell-matrix junction can sense the resulting high tension and 
triggers a response in which it recruits additional integrins and other proteins to 
increase the ability of the junction to withstand that tension. In a degenerated disc, 
the matrix loses its structure; therefore, the cell-matrix interactions would be altered. 
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There is also a difference between cell behaviour in the more rigid structure of the 
annulus fibrosus and the less rigid structure of the nucleus pulposus. Cell attachment 
to a relatively soft matrix generates less tension and therefore a less robust 
response. These mechanisms allow cells to sense and respond to differences in the 
rigidity of extracellular matrices in different tissues (Johnson, 2015). The responsive 
pathways in NP are yet to be fully realised, but attempts have been made to 
investigate which pathways may be present under mechanical loading (Guehring et 
al., 2006)  and nutritional modifications (Jünger et al., 2009). 
 
The normal age-related changes of the intervertebral disc were discussed in section 
2.2.4 and in this section the role of mechanotransduction in changing the proteins 
synthesized by the cell. If the environment of the cell differs further from what is 
considered normal then the proteins synthesised by the cells will differ again and can 
lead to destruction of the intervertebral disc which can lead to low back pain, the next 
section discusses some mechanisms of low back pain for which the intervertebral 
disc is involved. 
 
2.3 Low Back Pain from the IVD 
There are many causes of low back pain, this research is involved with the causes of 
low back pain from the intervertebral disc. Disc degeneration is discussed and the 
painful conditions of stenosis that can be associated with it in the end stages. 
Discogenic pain, meaning pain arising from the disc itself and associated with 
internal disc disruption is discussed. Finally, disc prolapse where the contents of the 
disc the disc interferes with the surrounding structures leading to pain of the 
surrounding structures or referred pain. The latter two conditions can be symptomatic 
in younger patients, they can be sudden in onset and are associated with vertebral 
endplate and disc injury, rather than a diffuse, progressive condition as seen in disc 
degeneration. 
 
2.3.1 Disc degeneration 
Disc narrowing is a condition associated with intervertebral disc degeneration which 
can illicit low back pain or referred lower limb symptoms. Adams and Roughley 
(2006) distinguished intervertebral disc degeneration from normal ageing processes 
as “an aberrant cell mediated response to progressive structural failure” further 
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stating that a degenerate disc is one “with structural failure combined with 
accelerated or advanced signs of ageing”. They determine degenerative disc disease 
as a degenerate disc which is also painful. Underlying causes of disc degeneration 
are genetic inheritance, aging, nutritional compromise (due to endplate damage or 
smoking) and loading history (Adams and Roughley, 2006). Loading history in this 
context relates to heavy repetitive loading of the spine when intradiscal pressures are 
greatest (Nachemson and Morris, 1964a) and can lead to microtrauma in the disc. 
Weightlifters have been shown to have degenerative changes throughout the spine 
when compared with runners (Videman et al., 1995), however normal physiological 
loading through movement, or exercise has been shown to have a beneficial effect, 
runners have been shown to have less spinal degeneration than controls (Belavý et 
al., 2017). Early signs of degeneration are an increase in collagen II synthesis in the 
nucleus pulposus, which may be indicative of a repair mechanism by the cells of the 
NP. Following this an increase in collagen I in the NP is seen. A decrease in 
aggrecan synthesis follows on from and this leads to an altered ratio of CS to KS in 
the disc, as shown in figure 2.16. This leads to dehydration of the disc which is the 
first sign of degeneration, but this would not usually be a painful condition. The next 
stages of degeneration involve degradation of the matrix leading to structural failure. 
This occurs through the production of ADAMTS (a disintegrin and metalloprotease 
with thrombospondin motifs) and MMPs (matrix metalloproteinases) ADAMTS and 
MMPs are numbered according to which sites they cleave on the proteins. In greatest 
abundance in the disc are MMP7 and MMP13 which degrade collagen II and 
aggrecan and ADAMTS 4 (also known as aggrecanase 1) and ADAMTS 5 (also 
known as aggrecanase II) which degrade aggrecan. ADAMTS have been shown to 
be more aggressive in cleavage of aggrecan in the non-degenerated disc and MMPs 
have been shown to degrade aggrecan in the degenerated disc (latridis et al., 2011, 
Tian et al., 2013).  
 
The vertebral endplate is susceptible to weakening and damage through repeated 
compression and microdamage, especially in later life. In a non-degenerated disc, 
the nucleus pulposus bulges against the vertebral endplates, which withstand the 
pressure and are an integral part of the correct functioning of the disc (Adams et al., 
1986b). As the vertebral endplates weaken they can no longer withstand this 
pressure and decompress the nucleus which transfers loading to the annulus 
33 
 
fibrosus instead, which can bulge inwards to the nucleus pulposus. If the nucleus 
pulposus bulges into the vertebral endplate it can damage the endplate causing what 
is termed a Schmorl’s node (Malandrino et al., 2014).  
 
 
Figure 2.20 From Adams et al., (1986b). The stages of degeneration as revealed 
by discograms. 
 
The vertebral endplates have been described as the spine’s “weak links” (Adams and 
Roughley, 2006) and endplate damage can be caused due to microdamage through 
repeated compressive loading. As the disc dehydrates, it tends to bulge into the 
vertebral bodies, this reduces the pressure on the nucleus pulposus which causes 
loading to be exerted onto the annulus. The inner annulus tends to bulge inwards 
towards the nucleus, which no longer withstands this pressure and the outer annulus 
bulges radially like a flat tyre. A young, healthy disc will tend not to bulge due to the 
ability of the nucleus pulposus to withstand the pressure exerted on it and a very 
hydrated disc with not have the ability to bulge due to the increased stiffness, so 
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moderately degenerate discs tend to bulge more. Severely degenerate discs, 
however will decrease in height, this narrowing leads to a reduced space for the 
spinal nerves to lie and is often associated with osteophyte growth in osteoarthritis 
which can further impinge the nerves. Disc prolapse, and disc narrowing can lead to 
impingement of the spinal nerves and referred lower limb pain which can be an 
indication for surgical intervention. Nerve and blood vessels have also been shown to 
grow into a degenerated disc. This is in part due to a decreased aggrecan content 
which has been shown to prevent the ingrowth of nerves, there is also a claim that 
blood vessel ingrowth it is an attempt at repair of the disc (Freemont et al., 1997, 
Melrose et al., 2002). 
 
2.3.2 Discogenic pain 
Internal disc disruption (IDD) was a term coined by Crock et al (1973) and describes 
a process of localised nucleus pulposus degradation followed by annulus fissures 
which can lead to pain. IDD is a focal disorder affecting only one area of the annulus 
fibrosus and can be as a result of trauma. The process differs from degeneration in 
that it is not a diffuse process affecting the entire disc and differs from disc prolapse 
in that the fissure remains contained within the disc (Bogduk, 2011). Low back pain 
arising from IDD is termed discogenic as it is pain arising from the disc itself rather 
than pain arising from the structural failure of the disc affecting structures outside of 
the disc. IDD is characterised by a breakdown of the matrix of the nucleus pulposus 
and fissures from the nucleus to the annulus forming through which the nuclear 
material can seep. It has been shown to be present in 30 – 50 % of patients with low 
back pain (Schwarzer et al., 1995). The degradation of matrix is thought to occur 
most commonly due initially to endplate fracture which in vivo In is thought to occur 
due to injuries of forced compression or flexion of the spine with or without rotation, 
such as falling onto the pelvis or coccyx from a standing position, or road traffic 
collisions or horse-riding accidents where the spine may be forcibly compressed or 
flexed with or without rotation (Rolander and Blair, 1975).  
 
The grading system for fissures is shown in figure 2.21. The intervertebral disc is 
innervated in the outer two-thirds of the annulus, but not the inner third and not the 
nucleus pulposus, so a patient would not experience pain until a grade II or grade III 
fissure was present.  
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Figure 2.21 Fissures in internal disc disruption (IDD) and their grading. The 
rings notate the thirds of the annulus, grade I fissures affect the inner third of 
the annulus, grade II extends to the mid third of the annulus, grade III fissures 
extends to the outer third of the annulus and grade IV which extends 
circumferentially around the annulus (Bogduk, 2011). 
 
 
2.3.3 Disc Prolapse 
Annular tears in the intervertebral disc have been shown in vitro by cyclic loading in 
bending and compression tears can occur. There are three classifications of annulus 
tears circumferential, peripheral and radial and they are present in discs from 
increasingly commonly from 10 years of age (Boos et al., 2002). Disc tears show 
increased metabolism levels which are responsible for scar formation of the disc 
however larger tears cannot heal and are part of the degenerative cascade of events 
and structural failure which can lead to low back pain. Radial fissures progress from 
the nucleus to the annulus and most commonly in the posterior aspect or 
anteroposterior aspect of the disc (Osti et al., 1992). In a degenerated disc when the 
nucleus pulposus of the disc has been less structured and fissures are present, then 
nuclear material can seep from the disc through these tears resulting in a disc 
Normal
Grade I Fissure
Grade III Fissure Grade IV Fissure
Grade II Fissure
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bulging and eventual protrusion, extrusion or sequestration known as disc prolapse 
(Adams and Hutton, 1982, Buckwalter, 1995). Radial fissures can allow seeping of 
the nucleus pulposus to the annulus. A disc herniation can be painful or non-painful, 
the contents of the degenerated nucleus pulposus have been shown to illicit pain 
when in contact with nerve endings. A herniation can then lead onto a protrusion of 
the disc material from the disc and eventual sequestration when the disc material 
leaves the disc altogether. A disc protrusion (often called a prolapse) is a rare and 
painful event, but when it does happen its most common occurrence is at 30-40 
years of age. In an aged disc the nuclear material would be too dehydrated and the 
disc too stiff to allow matrix movement from the disc. There are three terms used to 
characterize disc prolapse; protrusion, extrusion and sequestration, as shown in 
figure 2.22. Protrusion defines an intact disc, but with a bulging annulus. Extrusion 
defines a ruptured annulus with nuclear content which has seeped out from the 
nucleus pulposus, but remains in contact with the disc. Sequestration defines a 
prolapsed disc in which the disc contents have left the disc and are no longer in 
contact with it (Adams, 2013).  
 
 
 
Figure 2.22 The stages of disc prolapse. Adapted from Adams (2013). 
 
2.3.4 Current Treatments 
The most recent NICE (National Institute for Health and Care Excellence) guidelines 
published in November 2016 recommend self-management, exercise, manual 
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therapy (in conjunction with exercise), NSAIDs (Non-steroidal anti-inflammatory 
drugs) and psychological therapy for the non-invasive treatment of low back pain with 
or without sciatica (pain felt in the leg from the lower back). If non-invasive treatment 
is not successful then radiofrequency denervation, epidurals and spinal 
decompression may be considered  and spinal fusion can be offered as part of a 
clinical trial (NICE, 2016).  
 
The painful conditions outlined in sections 2.3.1 and 2.3.2 are often so far progressed 
that options for treatment are limited. Spinal stenosis is associated with disc 
narrowing and osteophyte formation resulting in a reduction in the space of the spinal 
canal, lateral nerve canals or neural foramina wherein the spinal nerves lie and is 
one of the most common spinal disorders in patient over 65 years of age (Chou et al., 
2007). If non-invasive treatments do not relieve the patient’s pain then laminotomy 
procedures, where the laminar is formed from one or several segments may be 
carried out to relieve the pressure on the spinal nerves. Spinal fusion now only 
recommended as part of a clinical trial (NICE, 2016), this is in part due to issues with 
adjacent facet disease, whereby the joints above or below the fused spinal segment, 
bear a great burden of movement and loading resulting in early onset degenerative 
disease of the facet joints in particular. Intervertebral disc replacement was poised as 
the next gold standard for low back pain treatment (Enker et al., 1993, Lemaire et al., 
1997). Although results have shown improvement compared to spinal fusion at 1, 2, 
5 and 10-year follow-up (Enker et al., 1993, Tropiano et al., 2003, Chung et al., 2006, 
Berg et al., 2009, Guyer et al., 2009) and it continues to be used worldwide and in 
private practice in the UK, it is not recommended for use by NICE guidelines. Part of 
the issue arising from disc replacements using plastics, metals or other non-
biological biomaterials are that as the spine naturally stiffens with age, the replaced 
disc will maintain its mechanical properties so will be more flexible than the rest of 
the spine which could lead to similar biomechanical problems as seen in adjacent 
level IDD with fusion (Hilibrand and Robbins, 2004, Park et al., 2004). Recent 
research studies on its effectiveness show more promising results  (Garcia et al., 
2015, Rihn et al., 2017, Mattei et al., 2017), and has been shown to reduce the 
likelihood of adjacent segment disease in the lumbar spine seen with fusion surgery 
(Rainey et al., 2012, Zigler et al., 2018) but its cost effectiveness when compared to 
non-invasive treatments has been questioned (Johnsen et al., 2014). 
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There are several different methods of spinal fusion, but their role is to achieve a 
solid arthrodesis in the segment. This can be achieved using a combination of bones 
grafts from the pelvis, metal work screws through the vertebral above and below the 
disc or cage devices. The disc may also be removed, especially if it is suspected 
discogenic pain is not as a result of disc movement, otherwise that pain could still be 
present following the surgery. However, fusion has recently also been shown to have 
no benefit when compared to non-operative interventions (Mannion et al., 2016).  
 
These surgical interventions can also be indicated for discogenic pain, but this 
condition firstly requires correct diagnosis which requires a discography (Schwarzer 
et al., 1995). A contrast medium is injected into the nucleus pulposus and a positive 
test would be the patients confirming their pain being reproduced by the injection. 
The contrast medium also outlines the disc matrix, so fissures can be seen more 
easily. There is a slight risk of discitis (disc infection) through discography, so there 
needs to be a strong indication for performing the technique (Bogduk, 2011).  
 
Disc prolapse is an indication for decompression surgery if the lower limb symptoms 
are worse than the low back symptoms and especially if symptoms of cauda equina 
are present. Decompression surgery removes the disc contents which may be 
causing pressure on the spinal nerves. Decompression surgery can involve removing 
a disc protrusion through microdiscectomy which removes the area of the disc which 
is causing the compression (Adams, 2013). Larger prolapses may require a 
laminectomy where part of the laminar is removed so the full disc prolapsed can be 
accessed. Cauda equina symptoms can present with sciatica and lower limb pain 
and include saddle anaesthesia and lower limb and bladder/bowel motor weakness 
with sensory deficit, in the worst cases this can progress to incontinence which may 
be permanent or paraplegia (Adams, 2013). Cauda equina is termed a red flag 
symptom and due to the serious of the symptoms surgical intervention is 
recommended within 48 hours, with diagnosis on MRI scan.  
 
The development of regenerative medicine over the past 30 years has seen 
experimental development in cell-based treatments for the intervertebral disc. Cell-
based treatments for low back pain are still in their development stage in the UK and 
are not currently being used as standard treatments. For those patients where 
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current treatment methods are not available to aid conditions causing discogenic 
pain, then these cell-based treatments may be the next novel course of treatment. 
This will be discussed further in section 2.5.1 The common theme with the painful 
conditions discussed is the involvement of the localised degradation or widespread 
degeneration of the nucleus pulposus. Involving the breakdown of the extra-cellular 
matrix and the loss of function of the usually hydrophilic NP matrix. Although the 
natural ageing process involves changes in the NP, these changes involve 
replacement of aggrecan and collagen II within the NP with collagen I. These ageing 
processes on their own would not likely lead to large annular fissures, disc prolapse 
and disc narrowing so would not illicit pain. Cell-based treatments are being 
developed which hope to halt or reverse some of the processes in the IVD that lead 
to pain by regenerating the nucleus pulposus and annulus fibrosus and these will be 
discussed now. Research also shows that static loading of the spine, possibly 
through inactivity can lead to degradation of the nuclear matrix and this is an area 
which is of great interest when looking for prevention strategies of low back pain 
(Ohshima et al., 1995, Wang et al., 2007). This breakdown of the nuclear matrix of 
the disc is the focus of this research so will be discussed in more detail now. 
 
2.4 Targeting Treatments for Intervertebral Disc Health through Cell-Therapy 
2.4.1 Cell-based studies for Intervertebral disc health 
The past 30 years has seen a development of cell-based treatments as a way to try 
treat low back pain. The nucleus pulposus is usually the first part of the disc to be 
affected by degenerative and pathological changes in the disc, studies over the past 
30 years have increased the understanding of effects of a changing environment on 
the nucleus pulposus cells. By changing the environment surrounding the nucleus 
pulposus cells then changes can be made to the proteins that are synthesised.  Cells 
respond to their surrounding environment by regulating the steps of protein 
synthesis, to control the proteins that are expressed from a DNA strand (gene). This 
process is known as gene expression. Gene expression can be influenced 
throughout the protein synthesis sequence, from transcription to translation. In NP 
cells, as in most other eukaryotic cells, these processes are complex and not fully 
understood yet. However, studies have been carried out to show how gene 
expression in NP cells is affected by their biochemical and mechanical environment, 
a process known as mechanotransduction. These processes can be altered to 
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manipulate the environment of the cell and so change the gene expression of the 
cell.  
 
2.4.2 Cell- based Loading studies  
In a study of six bovine caudal intervertebral discs, aggrecan synthesis rates of 
bovine caudal intervertebral discs were shown to double when stimulated by 2.5MPa, 
whereas pressures of up to 7.5MPa caused aggrecan synthesis rates to decrease 
(Ishihara et al., 1996). Similar results were shown in a study with 14 IVD specimens, 
a pressure of 0.3MPa resulted in an anabolic effect on cells and 3MPa or greater 
resulted in catabolic effects (Handa et al., 1997). In-vivo animal models have also 
generated similar results.  A study with 32 white rabbits involved fitting an external 
device fixed to the spine to load and distract the intervertebral discs, signs of 
regeneration of the discs were seen in terms of disc height and cell number (Kroeber 
et al., 2005). A study by the same group in the following year of 18 rabbits using MRI, 
gene and protein expression levels showed that distraction resulted in disc 
rehydration, increased extracellular matrix synthesis and protein expressing cells 
(Guehring et al., 2006). The effects of distraction could aid nutrition of the 
intervertebral disc. Glucose supply has been shown to be essential for the anabolic 
maintenance of the intervertebral disc, more so than mechanical stimulation alone 
(Rinkler et al., 2010). More recent research has investigated responses of cells within 
the intact spinal segment, testing the segments in flexion and extension and then 
analysing the gene expression following testing. The study found that loading 
increased the catabolic products matrix metalloproteinases (MMPs) and that variation 
between specimens was seen in term of the response to loading (Hartman et al., 
2015) 
 
2.4.3 Topology and topography cell-based studies 
Cell shape is governed by its environment and in two-dimensional studies can be 
defined by the term circularity, where 0 would depict a linear cell and 1 a circular cell, 
and the closer the cell shape tends towards a circle the closer the value tends 
towards 1. Cells in suspension tend to be spherical and cells in a matrix, such as in 
cartilage or the IVD tend to be adhered to the matrix and have cell-matrix or cell-cell 
focal adhesions which cause them to be non-spherical. Cell circularity has been 
studied by immunostaining of the cytoskeleton and imaging (Eskin et al., 1984, 
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Helmlinger et al., 1991, Malek and Izumo, 1996, Whited and Rylander, 2014). 
Images can then be viewed in software such as ImageJ which can provide 
quantitative analysis of the shape of the cell and focal adhesions (Horzum et al., 
2014). The adhesion to the matrix is essential for the functioning of a cell, such as 
osteoblasts, fibroblasts, endothelial cells, and chondrocytes whose role it is to 
respond to mechanical stimuli in the musculoskeletal environment. Cells have been 
shown to change their shape and line up in the direction of shear flow, but they have 
also been shown to change shape to become tangential to the direction of flow 
(Eskin et al., 1984). The uniformity of cell scaffolds has been shown to have a 
beneficial effect on cell adherence with uniform topography causing greater adhesion 
of cells in shear flow when compared with random topography (Huang et al., 2013, 
Whited and Rylander, 2014, Sonam et al., 2016). Pore size of scaffolds have been 
shown to effect cell functioning, although the most beneficial pore size for cell health 
has not yet been ascertained. Pore sizes of 200-400 µm have been shown to be 
important for the differentiation of chondrocytes (Boyan et al., 1996) and pores of 300 
µm have been shown to stimulate the expression of chondrogenic genes (Matsiko et 
al., 2015). Shear flow has been shown to causes changes in gene expression in 
endothelial cells (Brooks et al., 2002), osteoblasts (Sharp et al., 2009, Tate et al., 
1998) and mesenchymal stem cells (Sonam et al., 2016). The effect of shear flow 
has been tested on IVD cells from the annulus fibrosus in two published studies 
which were mentioned previously (Chou et al., 2016, Elfervig et al., 2001). The 
application of shear flow to cell-seeded porous scaffold in perfusion bioreactors is of 
great interest in developing cell-seeded scaffolds for biological tissue regeneration 
(Hossain et al., 2015, Raimondi et al., 2016).  
 
2.4.4 Cell-seeded scaffolds 
Novel therapies are being developed which utilize cell therapies to aid regeneration 
of the intervertebral disc and growth of a biological disc. There has been an 
increasing trend in research into IVD regeneration in the past two decades. 
Transplanting cells into a degenerated disc to try to encourage intervertebral disc 
healing has had some success in animal studies (Ganey et al., 2003). Several 
groups are working on developing IVD cell constructs using autologous IVD cells or 
mesenchymal stem cells, or both, which could be injected into the IVD for 
regeneration (Vadala et al., 2016, Sakai et al., 2003, Bertram et al., 2005, 
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Richardson et al., 2006). Stem cells differentiated from adipose tissue have been 
more successful than those generated from bone marrow for IVD regeneration 
(Minogue et al., 2010, Hohaus et al., 2008). Initial tests for cell regeneration injected 
autologous cells into the intervertebral disc but cell death occurred (Hohaus et al., 
2008). Cell seeded scaffolds have had more success (Tong et al., 2016). The 
scaffolds were usually collagen and the purpose of adding a scaffold for regeneration 
rather than just injecting cells into the area is to give the cells a better chance of 
survival and growth, as has been demonstrated in other cell types (Gomes et al., 
2006, Whited and Rylander, 2014, Raimondi et al., 2016). Cross linked scaffolds with 
a combination of collagen and chemicals such as Genipin can add to their 
mechanical strength and have been shown to be better than non-cross-linked 
scaffolds (Nikkhoo et al., 2016, Halloran et al., 2008, Roughley et al., 2006). Co-
culture systems using a mixture of mesenchymal stem cells with intervertebral disc 
cells have shown a greater success than either cell by themselves (Ouyang et al., 
2016). Bioreactors are now being used to try to create the most beneficial conditions 
for cell growth on scaffolds prior to scaffold implantation and to aid differentiation of 
MSCs. The understanding that cells in the body are rarely under static conditions is 
now being incorporated into in vitro research, with perfusion bioreactors allowing fluid 
flow through the cell-seeded scaffolds. Bioreactors have advanced over the past few 
years to include mechanical stimulation such as shear fluid flow to the cells on the 
scaffolds (Walter et al., 2014, Hossain et al., 2015). These studies have looked at 
regeneration of tissue for tendon and cartilage repair. One of the challenges facing 
researchers and clinicians in the development of scaffolds for IVD regeneration 
involved the implantation of the scaffold, which can be through an original annular 
tear, but then in facilitating the scaffold to stay in the disc and not migrate out from 
the same tear. This could be overcome by using suture techniques to repair the tear, 
although difficulty has been shown in maintaining IVD pressure even with these 
sutures in place(Chiang et al., 2012). 
 
In more recent years the focus of mechanotransduction has been directed towards 
mesenchymal stem cells (MSCs) and their ability to differentiate (Richardson et al., 
2006, Zhu et al., 2016, Vadala et al., 2016).  The extracellular matrix defines 
differentiation of MSCs (Hadden and Choi, 2016) and pore size and topography of 
scaffolds have been shown to affect differentiation of MSCs into chondrocytes (Di 
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Luca et al., 2016). The most effective pore size has not yet been ascertained. A 
larger pore size allows the cell to migrate into a scaffold more easily, but a smaller 
pore size may allow greater cell adhesion to the surface.  
 
2.4.5 Shear stress studies 
There have been two papers published on the effects of shear fluid flow over AF 
cells. ‘Flexflo’ apparatus was used to test the effect of shear flow ranging from 1-25 
dyne/cm2 for 1-3 minutes with growth factor beta-1 compared to shear flow only, the 
study found that beta-1 sensitizes AF cells to shear stress (Elfervig et al., 2001). A 
more recent study of shear stress over AF cells demonstrated an increase in 
anabolic processes at 10 dyne/cm2 when compared with no flow or 1 dyne/cm2 
(Chou et al., 2016). One study has been published which studied shear stress on 
nucleus pulposus rat cells at 1 dyne/cm2, which found no change in gene expression 
for aggrecan and increase in gene expression for lumican compared to no flow 
(Wang et al., 2011). The study of nucleus pulposus cells under various flow rates and 
steady and pulsatile flow in this thesis has not previously been studied. This novel 
research which will add to the current body of knowledge. The units of dyne/cm2 are 
frequently used as a measure of shear stress and is derived from the CGS unit for 
force. 1 dyne is equivalent to 1 gram accelerated by 1 cm per second squared. 1 
dyne/cm2 is the equivalent to 0.000001 bar or 0.0000001 MPa. It is used almost 
exclusively in literature for fluid shear stress in cell-based studies so has been used 
in this research for consistency. 
 
2.5 Aims and objectives 
The focus of this research is fluid flow within the extra-cellular matrix and over the 
cells within that matrix, known as inter-fibrillar fluid flow, see figure 2.23.  
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Figure 2.23 Diagram depicting a section of extra-cellular matrix containing a 
cell and collagen fibres. Arrows signal interstitial fluid flow through the extra-
cellular matrix. 
 
As interstitial fluid moves through the extracellular matrix and over the cells a solid-
fluid boundary layer. Friction forces at the boundary caused due to the adhesive 
forces between a solid and liquid being larger than the cohesive forces in the fluid 
result in a force acting parallel to the cell surface, which is known as the fluid shear 
stress, see figure 2.25. The fluid shear stress is proportional to the viscosity and 
velocity of the fluid and as it acts on the cell surface effects the focal adhesions of the 
cell which can alter the biochemical signals through the process known as 
mechanotransduction. When the fluid molecules pull on the integrin receptors at the 
cell-fluid interface, as shown in figure 2.24 this can alter the biochemical processes of 
the cell, changing the morphology and gene expression, so leading to changes in 
proteins synthesized by the cell.  
 
Collagen 
fibres 
NP cell 
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Figure 2.24 Depicts fluid flowing between a cell and ECM over the focal 
adhesion on the cell surface. 
 
 
 
 
Figure 2.25 Fluid shear stress created parallel to the surface of the cell as fluid 
flows over it. 
 
 
The challenge facing clinicians in the treatment of low back pain is that often the 
condition is so far escalated by the time pain is felt and the patient seeks treatment 
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that the options are limited. Novel cell-based therapies may help to expand the 
treatment options available. These novel therapies often entail growing cells in a 
bioreactor. Bioreactor designs are evolving in their complexity, and the development 
of dynamic bioreactors allows cells to be exposed to mechanical forces, such as fluid 
shear stress in a perfusion bioreactor.  This helps create an environment more akin 
to the in vivo environment of the cell. The mechanism of fluid flow through the IVD is 
so complex (determined by ECM density, FCD concentration, IVD hydration and 
pressure changes) that cells are likely to experience a range of shear stress 
conditions in vivo. Knowledge of shear stress conditions which are beneficial or 
detrimental to NP cell health would be beneficial for the body of knowledge 
surrounding mechanotransduction but would also be useful for researchers and 
clinicians developing NP cell-based therapies in dynamic bioreactors. There is a 
current gap in knowledge regarding the effect of shear stress on NP cell health. A 
greater understanding of the role of shear stress in NP cell morphology and gene 
expression will guide researchers when developing bioreactor regimes for the growth 
of intervertebral disc cells. To answer the questions elucidated in this chapter, a 
range of shear stress conditions will be investigated. The objectives of this research 
are to ask if the shear stress conditions chosen affect NP cell morphology and gene 
expression. If the conditions do have an effect on the NP cells, the following 3 
questions are to be answered. Does the type of shear stress affect cell morphology 
and gene expression? Does the rate of shear stress affect cell morphology and gene 
expression? Does the duration of time the cells are exposed to a shear stress affect 
the cell morphology and gene expression? The overall aim of the research would be 
to highlight shear stress conditions which would be detrimental or beneficial to cell 
health and if possible, devise a regime which would be beneficial in the use of 
perfusion bioreactors. 
 
The above aims will be accomplished by focusing on the following objectives: 
 
1. Bovine NP cells will be harvested from oxtails by sequential digestion and 
grown in a monolayer on flow chambers. Experimental set-up will include a 
syringe pump to create a steady flow, a peristaltic pump to create a pulsed 
flow and controls with no flow.  
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2. The cells will be exposed to a control (no flow), steady flow and pulsed flow to 
analyse the effect of flow type. Morphology (cell number, focal adhesion 
number and cell circularity) will be assessed through immunostaining and 
results will be analysed using one-way ANOVA with post-hoc Tukey if 
significant results are found.  
3. The cells will be exposed to shear stress rates of 0.1, 1.0 and 4.0 dyne/cm2 to 
analyse the effect of shear stress rate. Morphology (cell number, focal 
adhesion number and cell circularity) will be assessed through 
immunostaining and results will be analysed using one-way ANOVA with post-
hoc Tukey if significant results are found.  
4. The cells will be exposed to shear stress for 1, 4, 8 and 24 hours to analyse 
the effect of duration. Morphology (cell number, focal adhesion number and 
cell circularity) will be assessed through immunostaining and results will be 
analysed using one-way ANOVA with post-hoc Tukey if significant results are 
found.  
5. The cells will be exposed a control, steady flow and pulsed flow to analyse the 
effect of flow type. Gene expression (of collagen 1, collagen 2, aggrecan, 
aggrecanase 1 and aggrecanase 2) will be analysed using qRT-PCR 
techniques and results will be analysed using one-way ANOVA with post-hoc 
Tukey if significant results are found.  
6. The cells will be exposed to shear stress rates of 0.1, 1.0 and 4.0 dyne/cm2 to 
analyse the effect of shear stress rate. Gene expression (of collagen 1, 
collagen 2, aggrecan, aggrecanase 1 and aggrecanase 2) will be assessed 
through qRT-PCR and results will be analysed using one-way ANOVA with 
post-hoc Tukey if significant results are found.  
7. The cells will be exposed to shear stress for 1, 4, 8 and 24 hours to analyse 
the effect of duration Gene expression (of collagen 1, collagen 2, aggrecan, 
aggrecanase 1 and aggrecanase 2) will be assessed through qRT-PCR and 
results will be analysed using one-way ANOVA with post-hoc Tukey if 
significant results are found.  
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Chapter 3. Methodology 
 
3.1 Research Approach 
The aim of this study was to investigate the effect of shear stress on bovine nucleus 
pulposus (NP) cells. Cell studies were carried out at the Musculoskeletal Research 
Group at Newcastle University Medical School, 4th Floor Cookson Building. Fluid 
flows passively through the nucleus pulposus due to the hydrophilic nature of 
proteoglycan in the nucleus pulposus matrix. Fluid also flows through pressure driven 
flow created by changes in spinal posture and loading. Cells in the nucleus pulposus 
are embedded in a fibrous matrix of mainly collagen and proteoglycan; fluid flows 
through the pores in the matrix and over the cells, creating shear stress on the cell 
surface. Shear stress varies with varying flow rate and it is hypothesized that differing 
flow rates and flow types may have differing effects on the way nucleus pulposus 
cells function. This study has chosen three shear stress values, 0.1, 1.0 and 4.0 
dyne/cm2 and flow types; steady and pulsed, to analyse the effect that differing shear 
stresses may have on the morphology and phenotype of bovine nucleus pulposus 
cells.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Flow diagram of research methodology 
 
Sequential digestion to harvest cells from bovine NP 
tissue 
Cryopreservation of cells for storage 
until needed 
Cells thawed, counted and loaded into Ibidi VI0.4 
slides at 4x105 cells/ml 
Flow study performed 
Cell morphology analysed through 
immunofluorescent staining 
Cell gene expression analysed 
through qRT-PCR 
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The effects of shear stress on cells has been commonly studied using parallel plate 
flow chambers (PPFC) which uses a rectangular channel through which to pass fluid 
over cells (Levesque and Nerem, 1985, Brown and Larson, 2001, Khismatullin and 
Truskey, 2004, Bacabac et al., 2005). A PPFC is used to create a flow profile over a 
monolayer of cells, where all the cells experience the same shear stress. The first 
PPFC was designed by (Hochmuth et al., 1971) to study red and white blood cells 
under flow and historically the thin channel was created between two plates, the 
height of which was determined either by a stainless steel plate, or ring with either 
clamps, screws or a vacuum to seal the chamber (Brown and Larson, 2001). Modern 
designs have created PPFC by moulding which has allowed smaller channel 
dimensions, this allows for a reduction in the reagents used in flow studies which is 
important in reducing the cost of experiments. The chamber chosen in these flow 
studies were Leur VI0.4 slides, manufactured by Ibidi. ‘Leur’ relates to the connector 
at the channel ends, ‘VI’ relates to there being 6 PPFC channels on each slide and 
‘0.4’ relates to the height of the channels; 0.4mm.  Live, healthy NP cells adhere to 
the bottom of the channel in a monolayer over 2-3 hours after seeding, fluid is 
passed over the cells to create a shear stress on the surface of the cell. A monolayer 
was preferable to allow more effective analysis of cell morphology.  
 
Historically, flow through a PPFC channel was created by a pressure head, but a 
pumping system is now more commonly used to adequately control the flow of fluid 
over the cells. The research approach in this study required both a steady flow and a 
pulsed flow. A Harvard PHD2000 syringe pump was used to create a steady flow and 
a GE P1 peristaltic pump was used to create a pulsed flow which would allow the two 
flow types to be compared. Shear stress values were chosen and flow rate settings 
for the pumps could then be calculated from the flow profile through the Ibidi VI0.4 
slide. The governing equations and method for calculating the flow rate is discussed 
in section 3.2.1. 
 
The equipment set-up, calibration and experimental conditions are discussed in 
sections 3.3, 3.4 and 3.5, respectively. A bovine cell model was used in the research. 
Intervertebral disc bovine cells have been found to be similar in morphology to 
human (Alini et al., 2008) and similar in gene expression (Wilke, 2008) and are 
frequently used as animal models in spinal research. Cells were harvested from the 
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tails of 18-months old bovine calves. Once the cells were harvested, they were 
cryogenically frozen and stored until use. When required they were then thawed and 
loaded in the Ibidi Leur VI0.4 slides following the method described in section 3.6. 
 
In order to understand the effect of shear stress on the cells, their morphology was 
analysed using immunofluorescent staining. This protein staining method allows the 
analysis of different components of the cell. Staining for DAPI, Phalloidin and Vinculin 
were carried out and images of the cells were then taken under a microscope and 
imported into ImageJ software which allowed quantitative analysis. DAPI was used to 
stain the nucleus of the cell which were then counted and used to analyse if cell 
proliferation or cell death had occurred during the flow study. If any cells had died 
during the flow study, they would detach from the Ibidi slide and be washed away in 
the flow, so the cell number would be reduced when compared to the control Ibidi 
slide with no flow. Similarly, if cells had proliferated during the flow study then the 
number of cells would increase when compared to the control slide. Phalloidin 
staining of the cytoskeleton was used to detect changes in cell shape and circularity. 
Cell shape can give an indication of the health of the cell, a more circular cell is seen 
as focal adhesions are lost, prior to cell detachment from the slide which can be a 
precursor to cell death in the NP cell. Vinculin staining was used to analyse the 
presence of the focal adhesions. ImageJ was used to quantify any changes. Methods 
for immunostaining and ImageJ are detailed in section 3.7. 
 
To understand the effect of shear stress on the phenotype of the cell, quantitative 
reverse transcriptase-polymerase chain reaction (qRT-PCR) was used. qRT-PCR is 
a standard procedure for analysing gene expression. It involves breaking down the 
DNA in the nucleus of the cell to single stands of RNA and adding RNA strands of a 
known gene which then forms complimentary DNA (cDNA), which is then amplified to 
a quantify that can be measured. It is the current choice of analysis for gene 
expression (Johnson, 2015). The two common methods of qRT-PCR are TaqMan 
and SYBR green. King (2002) report SYBR green as being widely used because of 
the ease in designing the assays and its relatively low set up and running costs. (Cao 
et al., 2013) compared TaqMan and SYBR green procedures for animal cells, they 
found both assays to be reliable, but that SYBR green generates higher gene 
expression values than TaqMan, so they stress the importance of stating which 
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assay is being used in the analysis and using the same analysis when comparing 
sets of results. SYBR green was used for this research and the method is described 
in section 3.8. Statistical analyses of the results are discussed in section 3.9. 
Limitations of the experimental design are discussed later in the thesis in Chapter 5. 
 
3.2 Parallel plate flow chamber 
3.2.1 Shear Stress 
Calculating the velocity profile, flow rate and shear stress for flow in a rectangular 
channel, such as Ibidi Leur VI0.4 slides, is complex due to the necessity to solve for a 
three-dimensional flow, as the end effects of the sides of the chamber cannot be 
ignored. The values were calculated for steady flow and the same flow rate was then 
used as an average flow rate for the pulsed flow studies. The dimensions of the 
rectangular duct are height of gap 2H, and width of 2W, as shown in figure 3.1.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Three-dimensional flow through a rectangular channel as in a 
parallel plate flow chamber 
 
 
The differential equations have been solved by Ibidi for their chambers using 
advanced mathematical techniques and equation (1) is used to calculate the flowrate 
for a given shear stress at the bottom wall of the Ibidi slide, where the cells are 
adhered to, as shown in figure 3.2.   
 ! = #$ ∗ 176.1 
p=p0 
2W 
2H 
y 
z 
x 
Direction of flow 
p=pL 
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(1) 
 
Where Q is the flow rate (ml/min), t the shear stress (dyne/cm2) and µ the dynamic 
viscosity of the fluid (dyne.s/cm2). 176.1 is a constant derived by advanced 
mathematically solutions and provided by Ibidi for the chosen Leur VI0.4 slide. The 
units used have been advised by Ibidi and correlate with the constant value 176.1 
supplied by them. 
 
 
 
 
Figure 3.3 Cross section through the centre of a parallel plate flow chamber, 
with a cell shown adhered to floor of the chamber and experiencing shear 
stress from the surrounding fluid 
 
Although equation (1), supplied by Ibidi, has been used to calculate the required flow 
rates, it is useful to have an understanding of how the solution has been derived, the 
equations used to solve for flowrate and shear stress are shown in published work by 
Cornish (1928) and Morrison (2013) and are used in the solution below.  
 
The continuity equation and Navier-Stokes equation are applied to solve for velocity, 
n and shear stress t. The flow is modelled as steady, well developed, Newtonian and 
incompressible and a no-slip boundary is assumed. The continuity equation for the 
flow in figure 3.2 is  
 0 = +,-+. + +,0+1 + +,2+3  
(2) 
The flow is only in the x direction so the y and z components of n are zero. 
 , = 	5,-00 6-02 
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(3) 
 
So, the continuity equation cancels to  
 +,-+. = 0 
(4) 
The Navier-Stokes equation is used for the momentum conservation for an 
incompressible Newtonian fluid is 
 7	 8+,+9 + ,. ∇,; = 	−∇= + 	$∇>, + 	7? 
(5) 
 7	 8+,-+9 + ,@ +,-+. + ,> +,-+1 + ,A +,-+3 ; = −	+=+. + $ 5+>,-+.> + ,> +>,-+1> + ,A +>,-+3> 6 + 7?- 
(6) 
 7	 5+,0+9 + ,@ +,0+. + ,> +,0+1 + ,A +,0+3 6 = 	−+=+1 + $ 5+>,0+.> + ,> +>,0+1> + ,A +>,0+3> 6 + 7?0 
(7) 
 7	 8+,2+9 + ,@ +,2+. + ,> +,2+1 + ,A +,2+3 ; = −	+=+3 + $ 5+>,2+.> + ,> +>,2+1> + ,A +>,2+3> 6 + 7?2 
(8) 
Simplifying these equations by neglecting gravity, cancelling all y and z terms and 
substituting equation (4)	 +,-+. = 0 
(4) 
 7	 +,-+9 = 	−+=+. + $ 5+>,-+1> + +>,-+3> 6 
(9) 0 = −+=+1 
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(10) 0 = −+=+3 
(11) 
Equation (8) can be simplified further, assuming the flow is at steady state then the 
time derivative term is zero. 
 0 = 	−+=+. + $ 5+>,-+1> + +>,-+3> 6 
(12) 
Rearranging equation (11) 
 +=+. = $ 5+>,-+1> + +>,-+3> 6 
(13) 
Equations (9) and (10) indicate that there is no change in pressure in the y and z 
direction, therefore pressure is a function of x only and from the continuity equation, 
velocity is a function of y and z only and not x. Taking this into consideration equation 
(13) can hold only if the left and right hand of the equation are equal to the same 
constant, for which we have given the symbol l 
 B=B. = 	C 
(14) 
Note the change from partial derivative to total derivative as pressure is a function of 
x only and not, y and z. 
 $ 5+>,-+1> + +>,-+3> 6 = C 
(15) 
 
As we are concerned with the flow over the cells, we are concerned with the wall 
shear stress at the bottom wall of the channel. Assuming the no-slip boundary at the 
wall then where x = 0, p = p0 and x = L, p = pL 
Then for the pressure profile equation (13) integrates to give 
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 =(.) = 	 F=G − =HI J . + =H 
(16) 
From equations (13) and (15) 
 C = (=G − =H)I  
(17) 
So, the velocity profile the equation can be written as 
 5+>,-+1> + +>,-+3> 6 = −(=G − =H)I = −∆=$I 
(18) 
This is called the Poisson equation and unlike in tube flow or slit flow, this equation 
cannot be simplified further as the no-slip boundary conditions at each of the four 
walls must be taken into consideration in the velocity profile for three-dimensional 
flow. From figure 3.2, for all values of y and z 
 
 1 = ±	M										,- = 0 3 = ±	N									,- = 0 
 
For a rectangular channel the functions f(y) and g(z) are trigonometric functions and 
the method used to solve the equation uses orthogonal functions which leads to the 
following solution, provided by the manufacturer, Ibidi, and the derivation is published 
in Cornish (1928). The derivation has been adapted to meet the annotation in figure 
3.2. 
 
 
,(1, 3) = −1P B=B. QN>2 − 3>2
−S(−1)T(2N>)(2U + 1)A 82V;AWTXH YZ[ℎ ](2U + 1) F
V32NJ^YZ[ℎ ](2U + 1) FVM2NJ^ YZ[ _(2U + 1)V12N `a 
56 
 
(19) 
The equation for flow rate through the channel, Q, is  
 Q = −1P B=B. 	c43MNA − 8Ng 82V;h S 1(2U + 1)hWTXH 9iUℎ _(2U + 1)VM2N `j 
(20) 
Where, as shown in figure 3.2, 2H is the height of the channel in the y direction, 2W 
is the width of the channel in the z direction and x is the direction of flow, h is the 
dynamic viscosity of the fluid. 
 
Substituting  k = 43 	MNA − 8Ng 82V;h S 1(2U + 1)hWTXH 9iUℎ _(2U + 1)VM2N ` 
(21) 
Into equation (19) gives 
 B=B. = −PΦk  
(22) 
The shear stress profile is given by the equation  
 #(1, 3) = 	P +,(1, 3)+3 m0Xno
= P p−1P B=B.S (−1)TNV(2U + 1)>WTXH 52VA6 [qUℎ ](2U + 1)
V12N^YZ[ℎ ](2U + 1) VM2N^ YZ[ _(2U + 1)V32N `rs0Xno 
(23) 
Substituting equation (22) gives 
#(1, 3) = P p−1P 8−P Qk;S (−1)TNV(2U + 1)>WTXH 52VA6 [qUℎ ](2U + 1)
V12N^YZ[ℎ ](2U + 1) VM2N^ YZ[ _(2U + 1)V32N `rs0Xno 
(24) 
Which rearranges to 
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#(1, 3) = P QkS(−1)TNV(2U + 1)>WTXH 52VA6 [qUℎ ](2U + 1)
V12N^YZ[ℎ ](2U + 1) VM2N^ YZ[ _(2U + 1)V32N `s0Xno 
(25) 
The cells are attached to the bottom of the channel. The wall shear stress, t, at the 
bottom and centre of the channel at y = -H, z = 0 is 
 #(3 = 0, 1 = −M) = P Qk cS (−1)TNV(2U + 1)> 82V;A 9iUℎ _(2U + 1) VM2N`WTXH j 
(26) 
As discussed previously, the solution has been solved by the manufacturer of the 
flow channels chosen, Ibidi, who provided equation (1) including the constant 176.1 
for the specific flow chamber used, the Ibidi Leur VI0.4 slide. Units to be used to solve 
the equation and to calculate the flow rate in ml/min were specified by Ibidi. Dynamic 
viscosity, µ, of cell culture medium at 37 oC, were to be given in units of dyne.s/cm2,  
which is 0.0072 dyne.s/cm2. Shear stress was to be given in units of dyne/cm2, which 
were chosen as 0.1, 1 and 4 dyne/cm2. 
 ! = #$ ∗ 176.1 
(1) 
 
3.2.2 Ibidi Leur VI0.4 slides 
Ibidi Leur VI0.4 slides are µ-slides (inverted slides) in which the bottom surface is 
patterned with ‘IbiTreat’ which encourages adherence of the cells, see figure 3.4 and 
table 3.1. Cells were loaded in suspension into the channels, see figure 3.5 and 
adhered to the surface within 2-3 hours, see figure 3.6. 
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Figure 3.4 CAD render of Ibidi VI0.4 slide 
Channels per slide 6 
Channel length 17 mm 
Channel height 0.4 mm 
Channel width 3.8 mm 
Cell growth area per channel 0.6 cm2 
Volume per reservoir 60 µl 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.1 Ibidi VI0.4 slide dimensions 
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Figure 3.5 Two Ibidi VI0.4 slides, showing six channels on each, filled with cell 
culture media and NP cells, adjacent implement scale is in centimetres. 
 
 
 
 
 
 
 
 
 
Figure 3.6 Brightfield, Nikon Biostation microscope image, showing mono-
layer of bovine NP cells adhered onto Ibidi Leur VI0.4 Slides after 4 hours. 
NP cell 
Cell 
Projection 
Reservoir 
One of six 
channels on 
Ibidi slide 
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3.3 Pressure Driven flow 
3.3.1 Harvard syringe pump 
 
 
 
 
 
Figure 3.7 Harvard PHD2000 syringe pump. Showing syringes in situ and 
digital display for setting required flow rate. 
 
A Harvard PHD2000 Syringe Pump was used to deliver the steady flow rate. The 
pump was chosen for its capacity to deliver low flow rates. The syringe pump used 
was an infuse-only pump which allows the movement of fluid in one direction only, 
infuse/withdraw syringe pumps are also available. Syringe pumps are driven by a 
stepper motor, which allows the delivery of small, precise quantities of fluids. A lead 
screw is threaded through a pusher block; as the lead screw turns, the pusher block 
moves towards the syringe and pushes the syringe, infusing fluid from the syringe. 
The Harvard syringe pump manufacturer guidelines state an accuracy of ± 0.05%. 
However, due to the stepper motor driving the pusher block it is recommended a 
syringe with as small a quantity as practically possible for the experiment is used to 
ensure a more continuous delivery of fluid at low flow rates. A smaller syringe lead to 
greater number of refills during the experiment, so a compromise between the two 
factors was sought. A 25 ml Hamilton 1000 series Gastight Glass syringe was used 
to store and infuse the cell culture medium for the 0.1 ml/min flow rate and a 100 ml 
Hamilton 1000 series Gastight Glass syringe was used for 0.8 ml/min and 3.2 ml/min 
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flow. These syringe volumes would ensure a continuous flow rate. An Elveflow 
bubble trap was used to eliminate air bubbles in the system as these have been 
shown to significantly affect the expected flow conditions (Sung and Shuler, 2009).  
 
3.3.2 Peristaltic pump 
 
 
 
Figure 3.8 GE P1 peristaltic pump, showing turn dial for setting required flow 
rate. 
 
Peristaltic pumps are positive displacement pumps, driven by a stepper motor. The 
fluid lies within a tube and rollers exert pressure onto a tube compressing it.  As the 
roller continues to move, thereby relaxing pressure on that part of the tube, fluid is 
drawn into the tube. The same roller then pushes the fluid on the opposite side away 
from the roller and along the tube. Due to the occlusion and release of the tubing 
containing fluid used to drive the fluid through the pump, a pulsed flow is created 
which was desired for the pulsed flow studies. A GE P1 peristaltic pump was chosen 
and manufacturers state an accuracy of ± 5%. The flow rate mentioned for the 
peristaltic pump flow is an average flow rate, recorded over the course of an hour, as 
described in section 3.4 on calibration. The pulsations created by the mechanism of 
the pump are affected by the material of the tubing and inner diameter of the tubing. 
Although the design of many modern peristaltic pumps is such to decrease 
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pulsations, the pulsed flow experiments required pulsations to be present. The softer 
the tubing the greater the occlusion and the greater the pulsations and the smaller 
the diameter the greater the occlusion and the greater the pulsations. There were 6 
rollers which exert pressure on the tube, Cole Palmer Silicone Tubing of inner 
diameter 1mm was used which, this gives the maximum the pressure of the rollers 
occluding this tubing as 10%, as advised by the manufacturers. An Elveflow bubble 
trap was used to eliminate air bubbles in the system. The revolutions per minute 
(rpm) of the roller cage were recorded for each of the 3 average flow rates following 
calibration and from this the pulse frequency and wave form could be determined. 
The flow rates and wave forms are discussed further in section 3.5.2; figure 3.10.  
 
 
Equipment Make  Model Serial No 
Peristaltic pump GE P-1 135765 
Syringe pump Harvard PHD2000 Infuse B26746 
 
Table 3.2 Specifications of pumps used 
 
3.4 Calibration 
Weighted-fluid calibrations were used as an in-direct method of calibrating the flow 
rate in the experimental set-up and the accuracy of the flow studies. While direct 
measurement techniques for microfluidic flow rates up to 3.3 ml/min are available to 
purchase, they are a relatively new technology, and relatively expensive. The 
reasons they were not used in this current calibration and throughout the flow 
experiments are discussed further in the limitations section, Chapter 5. The 
experimental set up, as shown in figure 3.9, to include the pump, tubing and bubble 
trap was calibrated using weighted-fluid calibrations to reduce the likelihood of 
accountable errors and determine the accuracy of the set up. Calibrations were 
carried out using an Amput digital precision electronic balance with readings to 0.001 
g, a 200 ml Rocwing borosilicate glass beaker, 1 mm inner diameter Cole Palmer 
silicone tubing, Elveflow bubble trap and a TopElek electronic timer. Calibration 
experiments were carried out at 37 oC with cell culture medium to match the actual 
test conditions and determine the flowrate at the entrance to the Ibidi flow chamber. 
Calibration required some trial and error initially to find the correct dial setting for the 
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required flowrate until a repeatable and accurate flowrate was achieved. The Harvard 
syringe pump has a digital display which made calibration easier, the peristaltic pump 
was more difficult to calibrate as the flow rate set up was a turn dial, which is 
obviously more prone to inaccuracy when setting. The glass beaker was placed on 
the electronic balance and the tubing from the pump was placed in the beaker. The 
required flow rate was chosen, the pump was switched on and simultaneously the 
timer was started. After 1 hour the calibration was stopped, the liquid weight 
recorded, and the actual flow rate calculated. The flow rate settings on the pump 
were then adjusted accordingly and the calibration repeated until the correct actual 
flowrate was achieved. When the correct flowrate was achieved, the pump setting 
was fixed for that flowrate and then the procedure repeated 20 times to establish the 
accuracy of the set up. The flow rate calculated for the steady flow syringe pump was 
a continuous flow rate, the flow rate calculated for the pulsed peristaltic pump was an 
average flow rate. The flow rate accuracy was limited to one decimal place due to the 
lower accuracy of the peristaltic pump, this is discussed further in limitations in 
Chapter 5.  
 
 
 
 
 
 
 
Figure 3.9 Schematic diagram showing experimental set up 
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3.5 Test Conditions 
3.5.1 Shear Stress Values 
Shear stress is proportional to fluid velocity and inversely proportional to 
channel/pore size as discussed in Chapter 2 (section 2.8.1). Deciding which shear 
stress values would best reflect those in the nucleus pulposus and so should be used 
in the cell studies, was difficult. Shear stress values have been more easily 
determined in other areas of the body with the ability to measure the fluid velocity 
and pore size directly in vivo. For example, Doppler velocimetry has been used to 
determine flow rate in blood vessels (Vennemann et al., 2007). Published values for 
velocity through an intervertebral disc have been approximated using CFD as 5 µm/s 
(Ferguson et al., 2004) and 13.7µm/s (Mow et al., 1980). Although the periodicity of 
collagen fibres in the annulus fibrosus of the disc has been approximated as 600 
Angstrom (Inoue and Takeda, 1975), so could be used to determine an approximate 
pore size, these values are not available for the nucleus pulposus. Furthermore, due 
to the elasticity of the disc tissue, the actual pore size in the nucleus pulposus 
changes depending on fluid content and spinal loading. As discussed in Chapter 2, 
values for the shear stress cells experience in the disc are not available at this time. 
As computational modelling of the disc progresses, it would be hoped these values 
would be available at some point in the future.  
 
In choosing appropriate shear stress values, a previous published study by Wang 
(2011) studied 1 dyne/cm2 shear stress over nucleus pulposus cells, so the same 
value shear stress was chosen as a comparable study. A value of a magnitude ten 
times smaller would be useful to determine if there was a fold change in the effects, 
hence 0.1 dyne/cm2 was chosen as the lowest value. In determining a higher flowrate 
10 dyne/cm2 was determined to be too high for the experimental set up over a 24-
hour period as a syringe loading regime of 8 ml/min would have lead to frequent 
opening of the hypoxic incubator to replace the syringe volume and would have lead 
to greater inaccuracies introduced in the oxygen content and temperature of the 
incubator. A shear stress of 4 dyne/cm2 as an upper limit was chosen as a practical 
compromise. 
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3.5.2 Flow types 
Steady flow rates created by the syringe pump could be likened to flow in the disc 
resulting from electroosmotic flow which is passive and dependent on the FCD and 
ionic content of the fluid. Pulsed flow rates created by the peristaltic pump could be 
likened the frequent changes in flow such as in spinal loading of a degraded nucleus 
pulposus, as discussed in Chapter 2. Investigating the effect of unsteady flow with 
the same average flow rate as the steady flow studies, but the frequent acceleration 
and deceleration created by the occlusion and release of the peristaltic pump 
mechanism was of interest. The flow rate driven through a GE P1 peristaltic pump is 
pulsed as shown in the figure 3.10. 
 
Following calibration, the rpm for each of the flow rates were counted manually and 
recorded for 1 hour. Markers where placed on the roller cage at 30o intervals and the 
rpm was recorded to the nearest 30o increment. Rpm values for average flow rates 
0.1ml/min, 0.8ml/min and 3.2 ml/min, were recorded as t@>, 4 u@>, and 18 u@> rpm 
respectively. Taking into account the pulsation of 10 % as given by the 
manufacturers, the predicted wave forms for the three flow rates are shown in figure 
3.10. Direct measurement of the flow rate or pressure would allow measurement of 
the actual wave form, but this equipment was not available, these limitations are 
discussed further in Section 5.  
 
a)     b) 
 
c)      d) 
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e)      f) 
Figure 3.10 Dotted horizontal line in b, d and f depicts average flow rate for GE 
P1 Peristaltic Pump, at 0.1, 0.8 and 3.2 ml/min respectively, solid wave line 
depicts predicted actual flow rate. Solid horizontal line in a, c and e depicts 
predicted continuous flow rate of Harvard PHD2000 Syringe Pump at 0.1, 0.8 
and 3.2 ml/min respectively. 
 
3.5.3 Time points 
Time points chosen for the experiment were 1, 4, 8 and 24-hour. The 1-hour time 
point was chosen to see if there were any very early indicators of gene expression 
changes, morphological changes were not expected at this time. The 4-hour time 
point, and 8-hour time points were useful in discussing diurnal changes, such as fluid 
imbibement to the disc during sleeping or fluid exudation when sitting during work 
hours. The 24-hour time point was chosen to see if morphological changes in cell 
shape could be seen and to study the effect of shear stress on the proliferation of NP 
cells. 
Table 3.3 Summary of test conditions 
 
Chamber 
Conditions 
Average Shear 
stress 
(dyne/cm2) 
Volumetric flow 
rate (ml/min) 
Time Point 
(hrs) 
Flow type 
Ibidi Leur VI0.4 
2% O2 (Hypoxic) 
37o C 
5% Humidity 
0.1 0.1 1, 4, 8, 24 Steady and 
pulsed 
1.0 0.8 1, 4, 8, 24 Steady and 
pulsed 
4.0 3.2 1, 4, 8, 24 Steady and 
pulsed 
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3.5.4 Sample size 
Statistical power analysis was carried out to estimate sample size based on data 
from published studies on gene expression response of intervertebral disc cells to 
cyclic strain (Gilbert et al., 2010) and shear stress (Wang et al., 1993) using GPower 
3.1. Using Cohen’s 1988 criteria, effect sizes ranged from medium to very large. An 
alpha value of 0.05 and power of 0.8 was inputted to GPower which calculated 
recommended biological sample sizes ranging from 3-7. Due to the complexity of the 
qRT-PCR experimental procedures carried out and the technicality of the 
experimental set up, it was decided that 4 technical replicates would be carried out 
on each experimental condition to account for human error. A biological sample size 
of 4 was used. This lead to 288 experiments for each of the four biological 
specimens, 144 studying cell morphology (immunostaining) and 144 studying gene 
expression (qRT-PCR), as shown in figure 3.11. To harvest cells from 4 biological 
specimens, 8 specimens were used as the procedure to harvest bovine cells from the 
disc tissue, detailed in the next section, was successful 50% of the time, failure was 
as a result of bacterial infections. Although the biological specimens were all taken 
from 18-month-old male calves, slaughtered in the same abattoir, biological 
replication was included to ensure any changes in results due to biological 
differences that may occur between specimens were considered. The experimental 
procedures used in harvesting the cells and in analysing gene expression were 
costly. The sample size was kept to 4 to allow for enough technical replication of 
experiments while not unnecessarily inflating the cost of the project.  
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Figure 3.11 Showing biological replicates and technical replicates carried out. 288 experiments per biological specimen, 
including controls. Repeated for each of the 4 specimens, 1152 runs in total. 576 for qRT-PCR analysis and 576 for 
immunostaining analysis 
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3.6 Bovine nucleus pulposus cell isolation and culture 
3.6.1 Cell harvesting from tissue 
Cells were harvested from bovine tails and then cryopreserved until needed for the 
flow experiments. Sequential digestion is a common method used to harvest cells 
from disc tissue (Lee et al., 2015, Kraus and Lufkin, 2016). It entails the use of 
enzymes to digest the bonds formed between the collagen and proteoglycan in the 
disc tissue to release the cells from the extra-cellular matrix. Oxtails from 18 month- 
old calves were collected from Burradon Abattoir, Killingworth, Newcastle-Upon-Tyne 
within 8 hours of slaughter. Cell isolation and culture was carried out in the 
Musculoskeletal Research Group Laboratory, 4th floor Cookson Building, Newcastle 
Medical School. 
3.6.2 Materials and methods 
Table 3.4 Regents used in the cell isolation and culture 
 
Reagent Role Source Manufacturer 
Dulbecco’s Modified 
Eagle Medium 
(DMEM) 
Salt based liquid for cell 
culture 
Liquid 
solution 
Sigma Aldrich 
Foetal Bovine Serum 
(FBS) 
Proteins to aid cell health Bovine Gibco 
L-Glutamate (Gl) Amino Acid Human Sigma-Aldrich 
Penicillin 
Streptomycin (PS) 
Antibiotic Bacteria Sigma-Aldrich 
Trypsin Used to detach cells from 
flasks 
Mouse Sigma-Aldrich 
Dimethyl Sulfoxide 
(DMSO) 
Cryopreservation of cells Organic 
solvent 
Sigma-Aldrich 
Phosphate Buffered 
Saline (PBS) 
Buffer solution to 
maintain cell conditions 
Salt 
solution 
Gibco 
Collagenase Break down collagen 
fibres in tissue 
Bacteria Gibco 
Pronase-E Breaks down protein in 
tissue 
Bacteria Merck 
Millipore 
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Equipment Make Model Serial No 
Laminar Flow Hood Thermofisher Class II - 
Roller mixer Stuart SRT9 45673 
Centrifuge Thermofisher Heraeus Megafuge B664738 
Hypoxic incubator Sanyo MCO-18AIC K47635 
Cryogenic freezer CBS Classic 6002 264788 
Fridge Lec LSR288UK 674853L 
Freezer Lec LSF232UK 74655L 
Heated water bath VWR 1213 677455 
Table 3.5 Equipment used in cell isolation and culture 
 
Under a sterile Thermofisher Class II Laminar Flow Hood coccygeal discs Co2-Co4 
were removed by slicing through the intervertebral disc and removing the central 
nucleus pulposus tissue, see figure 3.12. Nucleus pulposus tissue was separated 
from the rest of the disc, see figure 3.13, and cut into 1 mm3 sections using a 1.5-
inch scalpel blade. Cells were harvested using the following protocol, adapted from 
(Guilak et al., 1999) and (Horner and Urban, 2001). 
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Figure 3.12 Dissection of 18-month-old bovine tail 
 
 
Figure 3.13 Intervertebral disc dissected from bovine tail, adjacent implement 
is in centimetres 
 
Initially 5 ml of Dulbecco’s Modified Eagle Medium (DMEM) with 1% Glutamate (Gl) 
and 1 % Penicillin Streptococcus (PS) was placed into a BD falcon flask and 2.5 % 
(0.125g) Pronase E added. The disc samples were added to the same falcon flask 
and placed on a Stuart Roller Mixer at 37 oC for 1 hour. A further 15 ml DMEM with Gl 
and PS (as above) was added with 0.125 % (0.025g) collagenase and the flask again 
placed on a shaker at 37o C overnight. 100 µm BD filters were placed onto a falcon 
flask and the incubated container contents poured through the filter to remove the 
tissue debris. The filter was then removed, and the falcon flask lid replaced and 
placed in a centrifuge at 1300 rpm for 10 mins. The supernatant was then removed 
and 20 mls PBS was added to flasks and centrifuged again at 1300 rpm for 10 mins. 
The supernatant was removed again to leave a cell pellet at the bottom of the falcon 
flask to which 20 ml ‘cell culture media’ containing DMEM, 10% FBS, 1% Gl and 1% 
Incision 
through 
intervertebral 
disc 
Vertebra 
Vertebra 
Vertebra 
Nucleus 
pulposus 
Annulus 
fibrosus 
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PS was added. The cell suspension was then transferred into a 75 cm2 Corning cell 
culture flask and placed in a Sanyo MCO-18AIC incubator at 37o C and 2% O2.  
3.6.3 Incubation 
A Sanyo MCO-18AIC hypoxic incubator at a set temperature of 37o C and with 5 % 
humidity was used with the ability to change the oxygen content. The IVD does not 
have a direct blood supply and therefore the oxygen content in the disc is less than 
other areas in the body. Normoxic oxygen levels are 20 %, research has shown that 
the hypoxic oxygen levels likely to be experienced by the NP cells in vivo will be 
approximately 2 % (Stoyanov et al., 2010). Studies by (Feng et al., 2013) and (Wang 
et al., 2016) compared gene expression under normoxia versus hypoxia and 
demonstrated NP cells to respond with upregulation of anabolic metabolism in 
hypoxia and downregulation of anabolic metabolism in normoxia. Therefore, it was 
important that hypoxic conditions were used for the studies. Ibidi slides are well 
suited to hypoxic set-up as the slide material of 170 µm thickness allows gaseous 
exchange through the chamber (Ibidi, 2015). 
 
3.6.4 Cryopreservation and thawing of cells 
It was often necessary to freeze cells in between experimental testing as continuing 
growth would allow the passage number to reach a high value and a high passage 
number has been shown to effect gene expression (Darling and Athanasiou, 2005). 
To freeze cells, they were centrifuged at 1300 rpm, supernatant removed and then 
dimethyl sulphoxide (DMSO) was added which allows the cells to be preserved at 
193 K (-80 oC) and lower in liquid nitrogen. Cells were then slowly cooled by placing 
in a Lec fridge at 4o C for 30 mins and then a Lec freezer at -18o C overnight prior to 
being placed in a CBS cryogenic freezer at 193 K (-80o C). When cells were required 
again they were removed from the cryogenic freezer and quickly thawed using a 
VWR water bath at 37o C for 3-5 mins or until the vial contents could be seen to be 
thawed. 10 ml DMEM were then added, and the cells centrifuged at 1300 rpm. The 
supernatant was removed to eradicate the remaining DMSO and the cells then 
suspended in more DMEM with FBS, transferred to a cell culture flask and placed in 
a Sanyo MCO-18AIC incubator at 37o C and 2 % O2 (Yokoyama, 2001) . 
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3.6.5 Cell loading into Ibidi VI0.4 slide 
Ibidi VI0.4 slides have 6 flow channels on each slide and can be used in series, each 
experiment involved 4 technical replicates for the control, the steady flow and the 
pulsed flow for both the immunostaining and the morphology experiments. Therefore, 
four slides were set up in series; two for the morphological experiments and two 
slides for the immunostaining. Allowing 8 flow channels control; 4 for the 
morphological analysis and 4 for the immunostaining, 8 flow channels connected to 
the Harvard syringe pump for the steady flow; 4 for the morphology and 4 for the 
immunostaining, and 8 flow channels connected to the GE P1 peristaltic pump for the 
pulsed flow; 4 for the morphology and 4 for the immunostaining. The number of cells 
seeded on to the test slide was important, too many cells and a monolayer would not 
be present, however enough cells need to be present to provide genetic material for 
qRT-PCR analysis. A monolayer culture between 3-7 X105 cells/ml is recommended 
(Ibidi, 2015). Cells were seeded at 4x105 cells/ml so that any proliferation of cells as 
they adhered overnight would still result in a monolayer for testing. Following 
thawing, cells were incubated and allowed to proliferate for up to a week until a 
monolayer of 80% coverage was formed. Culture media was removed from the flask 
and the cells were washed twice with Phosphate Buffered Solution (PBS) which was 
then removed, and 1.5 ml of Trypsin added. The flask was placed in a Sanyo MCO-
18AIC incubator at 37o C for 2-3 mins and then removed from the incubator, 8.5 mls 
DMEM containing 10 % FBS, 1 % Gl and 1 % PS was then added. The cell 
suspension was centrifuged at 1300 rpm and the supernatant containing media and 
DMSO removed. The pellet was then re-suspended in 1 ml cell culture medium and 
mixed with a pipette to allow an even distribution of cells.   
 
To establish the cell number, 100 µl of cell suspension was removed and mixed with 
100 µl Trypan Blue and placed on an Abcam haemocytometer. The haemocytometer 
was placed under x10 Leica Brightfield microscope, trypan blue enters cell wall of 
any dead cells which would then show as blue, live and dead cells were counted 
using a manual counter and the Abcam haemocytometer. Using the gridlines on the 
haemocytometer, as shown in figure 3.14, live cells were counted which were within 
the top left hand 16 squares (shown in blue square), any cells touching the left-hand 
side and bottom lines of the square were included in the count. Those on the right-
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hand side and top left were not included in the count. The number of cells was written 
down and then the count moved to the 16 squares on the top right, and the count 
repeated, and then the bottom left and bottom right. The average was taken of the 4 
counts and then this number was multiplied by 10000. This accounts for the depth of 
the cell of suspension in the haemocytometer. The value was then multiplied by 2 to 
take into account the dilution factor from the addition of the trypan blue, the resulting 
value has a unit of cells/ml.  
 
 
Figure 3.14 Gridlines on an Abcam Haemocytometer used for cell counting. 
 
Once the original cell number in the 1 ml of cell suspension had been determined the 
cell suspension was then diluted to create a cell suspension of 4 x 105 cells/ml for 
Ibidi VI0.4 slide loading.  
 
An unused Ibidi Leur VI0.4 slide was placed in the Sanyo MCO-18AIC hypoxic 
incubator at 37o C and 5 % humidity and 2 % O2 for 30 minutes to acclimatise prior to 
the experiment which helped to prevent air bubbles. The Ibidi slide was then 
removed to the sterile laminar flow hood and 30 µl volume of a 4 x105 cells/ml cell 
suspension was added to each Ibidi VI0.4 channel, the Ibidi slide was then placed 
back into the hypoxic incubator. After four hours, the cells were checked under a 
microscope to confirm they had adhered. If the cells had not adhered, it was decided 
there was a problem with the cells viability and the test did not commence, another 
vial of cells was removed from the freezer, thawed and section 3.6.5 was repeated. If 
the cells had adhered they would change from a circular shape to an elongated 
shape. At this point, the Ibidi slide was placed in the sterile laminar flow hood again 
and 60 µl of cell culture media was added to each channel which pooled in the 
channel reservoirs, the Ibidi slide was then returned to the hypoxic incubator and left 
overnight. The following morning the cells were observed under a Leica Brightfield 
microscope again prior to testing to ensure they were still adhered. If they were still 
75 
 
adhered, the flow study equipment was set up as in figure 3.9 in the hypoxic 
incubator and the flow study commenced. For each flow experiment 4 control 
channels, 4 steady flow channels and 4 pulsed flow channels were set up, the steady 
and pulsed pumps were operated simultaneously for an experiment.  
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3.7 Cell Morphology Analysis 
3.7.1 Materials and methods 
 
 
Reagent Role Source Manufacturer 
PBS Wash the cells N/A Sigma-Aldrich 
4% 
Paraformaldehyde 
Set the cells N/A Sigma-Aldrich 
PBS and Tween 
20:20 
Permeabilize the 
cell wall 
N/A ThermoFisher 
Goat Serum Blocking agent Goat ThermoFisher 
Anti-Vinculin Stain vinculin in 
focal adhesions 
Rabbit MerckMillipore 
FITC-conjugated Conjugates to 
antibody 
Horseradish MerckMillipore 
TRITC-conjugated 
Phalloidin 
Stain actin 
filaments 
Death cap 
mushroom 
MerckMillipore 
DAPI Stain nuclei N/A MerckMillipore 
Mounting Media Prolong staining N/A Ibidi 
Table 3.6 Reagents used for immunofluorescent staining 
 
Table 3.7 Equipment used in immunofluorescent imaging 
Following flow testing the cells were washed three times with PBS and 4 % 
paraformaldehyde was applied to the cells and left for 20 minutes. To allow 
immunofluorescent stain to pass through the cell wall PBS with Tween (a non-ionic 
surfactant) was applied to the cells for 5 mins (Oliver and Jamur, 2010). The 
surfactant allows the protein in the stain to pass through the cell wall. The cells were 
then washed twice with PBS. A blocking solution was then added to the cells for 30 
mins, goat serum was used as the blocking solution to prevent non-specific or 
background staining. The primary antibody, Anti-Vinculin, which stains the focal 
Equipment Make Model Serial No 
Confocal 
Microscope 
Nikon AIR 331588319 
ImageJ software NIH N/A N/A 
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adhesions, was diluted to 1:300 in blocking solution and added to the cells for 1 hour 
at room temperature (Millipore, 2009). The cells were then washed again three times 
in PBS. The secondary antibody, FITC-conjugated, and TRITC-conjugated 
Phalloidin, which stains the cytoskeleton, were diluted at 1:300 and 1:500 
respectively in PBS and incubated on the cells for 60 mins at room temperature. The 
cells were then washed again three times in PBS (Millipore, 2009). The final stain, 
DAPI, which stains the nucleus of the cells, was diluted at 1:500 in PBS and 
incubated with the cells on the laboratory bench for 5 mins at room temperature. The 
cells were washed three times again with PBS following this and 90 µl of Ibidi 
Mounting Media was added to each flow channel and their corresponding reservoirs. 
The Ibidi slides were then wrapped in aluminium foil and stored in the fridge detailed 
in table 3.5 at 4o C until microscope imaging. 
 
A Nikon AIR confocal microscope at the Bio-Imaging Unit, William Leech Building, 
Newcastle University was used at 20x magnification for capturing cell images. The 
microscope images were then analysed using ImageJ software. Cell number was 
analysed using the DAPI nucleus staining as shown in figure 3.15 and 3.16.  
 
 
Figure 3.15 DAPI staining of cell nuclei 
 
 
Nucleus of NP 
cell stained blue 
with DAPI 
immunostaining 
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Cell numbers were counted using the following sequence of operations in ImageJ: 
1. File          Open (To load image) 
2. Options        conversions “scale when converting” 
3. Image           adjust             threshold 
4. Sliders were used to highlight the nuclei to be counted  
5. Apply 
6. Analyse           Analyse particles 
7. Add to manager 
 
 
 
Figure 3.16 Screenshot of ImageJ for DAPI staining (cell number). Top left 
shows the original microscope image converted to greyscale, bottom left 
shows ‘analyse particles’ image and the right-hand side shows ‘add to 
manager’ option. 
 
 
The focal adhesion number was determined using ImageJ as shown in figure 3.17 
and 3.18. 
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Figure 3.17 Vinculin staining to show cell focal adhesions 
 
 
 
1. File          Open (To load image) 
2. Options        conversions “scale when converting” 
3. Image           adjust             threshold 
4. Sliders were used to highlight the focal adhesions to be counted  
5. Apply 
6. Analyse           Analyse particles 
7. Add to manager 
 
NP cell 
nucleus 
Focal adhesions 
of NP cell 
stained green 
(dots) with 
vinculin 
immunostaining 
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Figure 3.18 Screenshot of ImageJ for vinculin (Focal adhesion number). Top 
left shows original image converted to greyscale, bottom left shows ‘analyse 
particles’, right hand side shows ‘add to manager’ option. 
 
Cell circularity is quantified between 0-1, where 1 is a circle and 0 is a straight line. 
Circularity was calculated using image J as shown in figure 3.11 and 3.12 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.19 Phalloidin staining of cytoskeleton in red to show shape of cell for 
cell circularity measurement. 
 
1. File          Open (To load image) 
Nucleus of 
NP cell  
Cytoskeleton of 
NP cell stained 
red with 
phalloidin 
immunostaining 
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2. Options        conversions “scale when converting” 
3. Image           adjust             threshold 
4. Sliders were used to highlight the nuclei to be counted  
5. Apply 
6. Analyse           Circularity          Measure 
7. Add to manager 
 
 
 
Figure 3.20 Screenshot of image J for phalloidin (cell circularity). Left hand 
side shows original image converted to greyscale, bottom right shows ‘analyse 
circularity’, top right shows ‘add to manager’ option. 
 
3.8 Cell Gene Expression Analysis 
3.8.1 Materials and methods 
 
 
Equipment Make Model Serial No 
Refrigeration 
centrifuge 
Labnet Prism K61112 
Thermocycler VWR Uno B3425 
Heated water bath VWR 1213 677455 
Nanodrop Thermofisher 1000 2777708 
qRT-PCR Applied Biosystems HT9600 45537 
Table 3.8 Equipment used in qRT-PCR analysis 
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Reagent Role Manufacturer 
PBS Wash the cells Sigma-Aldrich 
Trizol Lyse the cells Invitrogen 
Chloroform Separation of RNA Sigma-Aldrich 
Isopropanol Aggregation of 
pellet 
Sigma-Aldrich 
Ethanol Precipitation of 
nucleic acids 
Sigma-Aldrich 
Ultrapure water Wash the pellet Sigma-Aldrich 
Table 3.9 Reagents used in RNA isolation 
After testing under flow, RNA was extracted from the cell by undergoing acid 
guanidinium thiocyanate-phenol-chloroform extraction (Wang and Seed, 2003). The 
cells were washed three times with PBS and then lysed using the reagent Trizol 
which breaks down the proteins in the cell. Chloroform was then added which results 
in separating the RNA in the aqueous phase (on the top of the suspension) and 
protein partitions in the organic phase (at the lower part of the suspension). A volume 
of 1ml Trizol was added to each channel and lysed inside the channel using 1ml 
syringes at each reservoir port. The cells were lysed for 3-4 mins to ensure extensive 
removal and breakdown of the cell contents. Following this the lysed contents in 
Trizol were placed into a 1.5 ml Eppendorf and 0.2 ml chloroform was added. The 
contents were shaken for 15 seconds, then left for 5 mins prior to centrifuging at 
13000 rpm for 15 mins at 4o C. A temperature of 4oC is used to promote flocculation 
of the RNA to form a pellet. 13000 rpm has been demonstrated to be adequate to 
separate the aqueous phase from the organic phase. The clear liquid was aspirated 
from the top and transferred to a clean 1.5 ml Eppendorf where 0.5 ml of isopropanol 
was added and then left for 15 minutes before centrifuging again at 13000 rpm and 
4o C. RNA is insoluble in isopropanol so aggregated to leave a pellet. The liquid was 
removed following centrifugation and 1 ml 70% ethanol was added to the pellet. The 
Eppendorfs were then centrifuged again at 13000 rpm for 15 mins at 4o C to remove 
any salt remaining around the pellet. The pellet was then left to air dry. At this point 
15 µl of ultrapure water was added and then heated to 65 oC for 10 mins to dissolve 
the pellet, immediately after the eppendorfs were chilled on ice for 5 mins to 
condense the contents.  
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The solution was then centrifuged for a final time for 13000 rpm at 4o C for 15 mins to 
ensure all the liquid was at the bottom of the Eppendorf and this RNA was then 
tested for nucleic acid concentration using a Thermofisher Nanodrop. A Nanodrop is 
a spectrophotometer, it analyses nucleic acids concentration by absorbing UV light at 
a maximum of 260 nm. The nucleic acid absorbs up to 260 nm of light and the rest 
passes through, allowing quantification of the nucleic acid present.  A drop of 1.5 µl 
of RNA sample was pipetted on to the spectrophotometer through which UV light was 
shone. Once the presence of RNA in the sample had been verified then the single 
stranded RNA was turned into the double stranded cDNA for PCR for analysis. 8 µl 
of RNA was transferred to a 0.6 ml Eppendorf and mixed with the components shown 
in table 3.9. 
 
Table 3.10 Regent mixtures used in cDNA synthesis 
 
 
 
4 µl of Mix 1 was added to each Eppendorf, pulse centrifuged, heated to in a VWR 
water bath at 70o C for 5 mins, then chilled on ice for 2 mins. Following this 8 µl of 
mix 2 was added to the Eppendorf and then incubated in a VWR Thermocycler at 37o 
C for 50 mins and then 70o C for 15mins. The cDNA was then diluted by adding 30 µl 
of PCR grade water to each lysate and then prepared for RT-PCR by combining with 
bovine primers and components shown in table 3.10. 
SYBR green Advantage Premix was added to a 96 well PCR plate followed by Mix 1 
for each primer (King, 2002). The plate was pulse centrifuged to ensure all liquid was 
Mix Component Manufacturer Volume 
1 Deoxynucleotides (dNTP) Sigma Aldrich 3µl 
Random hexamers Sigma Aldrich 1µl 
2 5x First strand buffer Thermofisher 4µl 
Dithiothreitol (DTT) Thermofisher 2µl 
Moloney Murine Leukemia 
Virus (MMLV) 
Invitrogen 0.5µl 
PCR grade water Roche 1.5µl 
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at the bottom of the well and the plate was then placed in the Applied Biosystems 
HT9600 qPCR-RT machine for analysis.  
Mix Component Manufacturer Volume 
1 Forward primer Sigma Aldrich 0.4µl 
 Reverse primer Sigma Aldrich 0.4µl 
 dH2O - 7.2µl 
 cDNA - 2.0µl 
2 SYBR Advantage qPCR Premix Invitrogen 10.0µl 
Table 3.11 Reagent mixtures used in PCR amplification 
There were six bovine genes tested in this research, the genes and their primer 
sequences are shown in table 3.6. Gene primers are short strands of RNA which are 
the starting point for DNA synthesis. RNA is synthesized from the cells and then 
Biosystems HT9600 qRT-PCR works was used to quantify the DNA. qRT-PCR works 
by creating cycles of temperature change to break down the DNA from the cells into 
RNA then adding RNA primers which would join to any RNA which has been 
produced from the cell. qRT-PCR then multiplies these DNA strands using, 
temperature cycles, to amplify them to a point where they can be quantified by the 
qRT-PCR equipment.  
Gene Sequence 
GAPDH 5’-ACCCAGAAGACTGTGGATGG-3’ (Forward) 
5’-CAACAGACACGTTGGGAGTG-3’ (Reverse) 
Aggrecan 5’-ACAGCGCCTACCAAGACAAG-3’ (Forward) 
5’-ACGATGCCTTTTACCACGAC-3’ (Reverse) 
Collagen I 5’-TGAGAGAGGGGTTGTTGGAC-3’ (Forward) 
5’-AGGTTCACCCTTCACACCTG-3’ (Reverse) 
Collagen II 5’-CCTGTAGGACCTTTGGGTCA-3’ (Forward) 
5’-ATAGCGCCGTTGTGTAGGAC-3’ (Reverse) 
Aggrecanase I 5’-GAAGCAATGCACTGGTCTGA-3’ (Forward) 
5’-CTAGGAGACAGTGCCCGAAG-3’ (Reverse) 
Aggrecanase II 5’-CTCCCATGACGATTCCAAGT-3’ (Forward) 
5’-TACCGAGACCATCATCCAGA-3’ (Reverse) 
Table 3.12 Primer sequences for bovine genes used in qRT-PCR 
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Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is known as a ‘house-
keeping’, it is expressed in normal and pathophysiological conditions so is used as a 
baseline for gene expression against which the expression of other genes is 
analysed. Aggrecan, Collagen 1 and Collagen II are indicators of anabolic 
metabolism. Aggrecanase 1 and aggrecanase II are indicators of catabolism as 
discussed in chapter 2 (section 2.4.5). Aggrecan is essential for the healthy 
functioning of the nucleus pulposus (NP) matrix. Healthy NP cells synthesis aggrecan 
and their synthesis has been shown to be downregulated under catabolic metabolism 
(Ishihara et al., 1996, Handa et al., 1997). Therefore, the analysis of aggrecan gene 
expression is important in analysing the effect of shear stress on NP cells. Collagen I 
is the main collagen type present in the annulus fibrous of the disc, but is also 
present in the nucleus pulposus, Collagen I fibres are oriented obliquely and 
facilitates the extra-cellular matrix’s (ECM’s) organized structure. Collagen II is the 
main collagen present in the nucleus pulposus and other gel like structures. 
Aggrecanase 1 and II have been shown to have the highest aggrecan cleavage in 
vitro (Roberts et al., 2000, Tortorella et al., 2002, Carlos Rodrıǵuez-Manzaneque et 
al., 2002), so have been chosen as a marker for degradation. As aggrecan reduction 
is an early marker in nucleus pulposus degradation, aggrecanases, rather than 
collagenases have been the focus of gene expression of catabolism (Pockert et al., 
2009). Temperature cycles for amplification of cDNA were recommended by Sigma-
Aldrich and shown in table 3.11. 
 
Stage Temp (oC) Time (secs) Cycles 
1 94 120  
2 94 
60 
15 
60 
40 
Dissociation Curve 95 
60 
95 
15 
15 
15 
 
Table 3.13 Temperature cycles for DNA amplification 
qRT-PCR analysis generates threshold cycle (Ct) values, from which the GADPH Ct 
value is subtracted to give a dCt value. Subtracting the control Ct value from the 
treatment group (steady or unsteady flow) leads to a ddCt value. PCR is an 
exponential amplification and the amount of target gene is 2-ddCt  , the derivation of 
86 
 
this is detailed by (Livak and Schmittgen, 2001), 2-ddCt values have been plotted on a 
logarithmic scale where the x-axis crosses at 1, which is the  2-ddCt value for the 
control samples.  
 
3.9 Statistical Analysis 
In total there were three independent variables; flow type (steady and pulsed), shear 
stress rate (0.1 dyne/cm2, 0.4 dyne/cm2and 4 dyne/cm2 and time interval (1-hr, 4-hr, 
8-hr and 24-hr) in the study and 8 dependent variables (cell number, cell circularity, 
focal adhesions, aggrecan, collagen I, collagen II, aggrecanase I and aggrecanase II. 
Each flow study had a control consisting of cells seeded onto Ibidi Slides with no 
flow.  
 
As discussed in section 3.5.4, there were 4 technical replicates for each experiment, 
means were taken from these technical replicates, as shown in figure 3.21. There 
were 4 biological replicates for each experiment, again means were taken to arrive at 
one value which is displayed on graphs in the results chapter, but all values for 
biological replicates were included in the statistical analysis of the results to allow for 
biological variations between specimens. A significance threshold was set at 0.05 
and error bars on the graphs plots in the Results Chapter 4 were calculated for 
confidence intervals of 95%.  
 
Figure 3.21 Schematic showing experimental set-up for each condition tested. 
Two Ibidi VI0.4 slides in situ, each with 6 flow channels and both pumps. 
Leading to 4 control slides, 4 steady flow slides and 4 pulsed flow slides; 
Experiment carried out for immunostaining (for morphological analysis) and 
for qRT-PCR (for gene expression analysis) for each of the 12 flow conditions 
and for each biological replicate.  
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Figure 3.22 4 biological specimens (bovine coccygeal tails) were included in 
the research, cells from each tail went through the same test conditions. For 
each test condition there were 4 technical replicates carried out. The mean 
from these 4 technical replicate values were taken which left 4 values for each 
test condition, these values were used in statistical analysis. The means were 
taken of the values for the biological replicates which are shown in tables 4.1-
4.8 in the results chapter. 
 
 
 
Figure 3.23 Colour coded figure 3.11 from section 3.5.4, showing flow studies 
1-12, this is detailed further in the following table  
  
88 
 
Table 3.14 The 12 flow studies and 8 variables measured for each test 
condition. Controls was carried out for each of the flow studies and 
immunofluorescent and qRT-PCR performed simultaneously for each study. 
 
Flow study Flow Type Shear Stress 
(dyne/cm2) 
Time Interval 
(Hours) 
Dependent 
Variables Measured 
 
Control - 1  
 
 
 
 
 
 
 
Morphology: 
1. Cell Number 
2. Focal Adhesions 
3. Cell Circularity 
Gene Expression: 
1. Collagen I 
2. Collagen II 
3. Aggrecanase I 
4. Aggrecanase II 
5. Aggrecan 
 
Steady 0.1 1 
Pulsed 0.1 1 
2 Control - 1 
Steady 1 1 
Pulsed 1 1 
3 Control - 1 
Steady 4 1 
Pulsed 4 1 
4 Control - 4 
Steady 0.1 4 
Pulsed 0.1 4 
5 Control - 4 
Steady 1 4 
Pulsed 1 4 
6 Control - 4 
Steady 4 4 
Pulsed 4 4 
7  Control - 8 
Steady 0.1 8 
Pulsed 0.1 8 
8  Control - 8 
Steady 1 8 
Pulsed 1 8 
9  Control - 8 
Steady 4 8 
Pulsed 4 8 
10 Control - 24 
Steady 0.1 24 
Pulsed 0.1 24 
1 1 Control - 24 
Steady 1 24 
Pulsed 1 24 
12 Control - 24 
Steady 4 24 
Pulsed 4 24 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
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The research questions to be answered were; firstly, does the shear stress rate affect 
any of the 8 dependent variables considered and if so, do these effects change over 
the time points covered? Secondly, does the flow type affect any of the 8 variables 
considered and if so, do these effects change over the time points covered? 
 
Research question Method of 
analysis 
Flow Study Post-hoc testing 
1. Does flow type effect 
morphology or gene 
expression in bovine NP 
cells? (Objectives 2 & 5) 
One-way 
ANOVA 
1-12 If significance 
shown, post-hoc 
Tukey 
2. Does the shear stress 
rate affect morphology or 
gene expression in bovine 
NP cells? (Objectives 4 & 
6) 
One-way 
ANOVA 
1-12 If significance 
shown, post-hoc 
Tukey 
3. Does the duration of 
time cells are exposed to 
the shear stress affect 
morphology or gene 
expression in bovine NP 
cells? (Objectives 5 & 7) 
One-way 
ANOVA 
1-12 If significant 
shown, post-hoc 
Tukey 
Table 3.15 Research question and method of results analysis 
 
Question 1 was answered using a one-way ANOVA, which allowed the investigation 
of differences between all 3 groups. Firstly, was there a difference between the 
steady flow group and control group (no flow), secondly, was there a difference 
between the pulsed flow group and control group (no flow) and finally was there a 
difference between the steady flow group and the pulsed flow group? Questions 2 
and 3 were answered through a one-way ANOVA which allowed the analysis of the 
independent variables flow type, shear stress rate and time interval to be analysed 
simultaneously.  
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The statistical package SPSS was used to analyse the results. If a significant result 
was found through the ANOVA a post-hoc test was carried out to see which groups 
the significant differences were likely to be between. Tukey was used for post-hoc 
tests following the one-way ANOVAs due to its greater power than other post-hoc 
tests under most circumstances when all possible pairwise comparisons are being 
made (Holm and Christman, 1985, Dytham, 2003). 
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Chapter 4. Results 
4.1 Data Analysis and Assumptions 
To answer the research questions three independent variables; flow type, shear 
stress rate and duration, were investigated. As discussed in Methodology, the 
experimental set-up was such that for each experimental run there were 12 slides in 
total, 4 slides as the control with no flow on them, 4 slides with flow from the Harvard 
pump for steady flow and 4 slides for the Peristaltic pump for pulsed flow. The 4 
slides for each group were technical replicates and the run would be repeated like 
this for each of the shear stress rate and duration conditions and repeated for 
morphology and gene expression analysis for each of the 4 biological cell specimens. 
This set up allowed the direct comparison of the flow types with the control for each 
experimental run, they are the between-subjects group in the analysis. The flow type 
was an independent variable with 3 categorical factors as mentioned; no flow (this 
was the control), steady flow and pulsed flow. The experimental set up was then 
repeated for each of the shear stress conditions and at each of the time intervals. 
The shear stress was therefore an independent variable with 3 categorical factors; 
0.1, 1 and 4 dyne/cm2. The duration was also an independent variable with 4 
categorical factors; 1, 4, 8 and 24 hours. However, as cells in 1 dyne/cm2 and 4 
dyne/cm2 at 24 hours were detached from the slides analyses for focal adhesion, cell 
circularity or gene expression was not possible, so the 24-hour data set was not 
included in the analysis. The 8 dependent variables are continuous and consist of 
cell number, focal adhesion number and cell circularity (to assess the morphology) 
and collagen 1, collagen 2, aggrecan, aggrecanase 1 and aggrecanase 2 (to assess 
gene expression). The statistical results were generated using SPSS and Microsoft 
Excel was used to generate the graphs shown. Levene’s test showed homogenous 
variances for all groups.  
 
4.1.1 Morphology 
Sections 4.2-4.4 detail the results for the dependent variables used to assess 
morphology of the NP cells; cell number, focal adhesion number and cell circularity. 
There are 3 analyses detailed for each section, a one-way ANOVA for flow type 
analysis with post-hoc Tukey, a one-way ANOVA for shear stress rate analysis with 
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post-hoc Tukey and a one-way ANOVA for duration of flow analysis with post-hoc 
Tukey.  
 
4.1.2 Gene expression 
Sections 4.5-4.9 detail the results for the dependent variables used to assess gene 
expression of the NP cells; collagen 1, collagen 2, aggrecan, aggrecanase 1, 
aggrecanase 2. As for morphology there are 3 analyses detailed for each section, a 
one-way ANOVA for flow type analysis with post-hoc Tukey, a one-way ANOVA for 
shear stress rate analysis with post-hoc Tukey and a one-way ANOVA for duration of 
flow analysis with post-hoc Tukey. Statistical analysis for gene expression was 
carried out on dCt values, as they have normalized distribution, however graphical 
representation is 2-ddCt, which is dCt values normalized to control dCt values. The 
graphs are shown on a logarithmic scale as this gives a more realistic visual 
representation of the amount that a gene is upregulated or downregulated compared 
to the control condition. Confidence intervals are shown, however due to the 
logarithmic scale, the presence of overlapping does not necessarily mean no 
statistical significance between the groups. The control value is depicted at y-axis=1, 
due to the values of dCt (control)-dCt (control) = 0 and 2-0 = 1. Log base 2 is used as 
the Ct values are generated from qRT-PCR which involves the quantification of gene 
expression, which occurs as an exponential process. Every cycle of PCR doubles the 
amount of gene product, therefore generating the results in a graphical 
representation as log base 2 allows the visual representation of gene expression to 
be more meaningful. Any significant differences between the steady or pulsed flow 
compared to the control are shown above or below the confidence interval bar and 
differences between the steady and pulsed flow are depicted by a line between the 
two with the corresponding p value written above. 
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4.2 Cell Number 
4.2.1 Descriptive statistics 
   
  Control Steady Pulsed 
Shear Stress 
(dyne/cm2) 
Time 
(hours) 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
0.1 1 558 6.83 547 13.18 564 14.41 
 4 576 16.05 598 9.42 593 3.16 
 8 620 9.03 605 19.52 604 9.78 
 24 726 16.03 722 8.10 723 19.60 
1.0 1 564 2.71 560 19.47 566 19.33 
 4 590 4.11 492 23.20 505 15.73 
 8 626 25.94 406 16.19 404 8.66 
 24 718 5.51 0 - 0 - 
4.0 1 566 12.96 575 14.11 542 8.68 
 4 588 6.19 336 18.04 337 1.29 
 8 618 16.97 234 14.82 214 8.77 
 24 717 7.75 0 - 0 - 
 
Table 4.1 Mean and standard deviation values for cell number for all 3 
independent variables; flow type (control, steady and pulsed), shear stress (01, 
1.0 and 4.0 dyne/cm2) and time points (1, 4, 8 and 24 hours). 
 
4.2.2 Effect of flow type on cell number 
One-way ANOVAs were used to analyse the effect of flow types; no flow, steady flow 
and pulsed flow, on cell number. Results and statistically significant findings are 
shown in figure 4.1.  
 
There was no statistically significant effect of flow type on cell number at the p < 0.05 
level at 0.1 dyne/cm2 after 1-hour flow, [F (2, 9) = 1.967, p = 0.196]. There was a 
statistically significant effect of flow type on cell number at the p < 0.05 level at 0.1 
dyne/cm2 after 4-hour flow, [F (2, 9) = 4.590, p = 0.042]. Post-hoc comparisons using 
Tukey HSD indicated that the mean score for the steady flow conditions was 
significantly higher than the control (p = 0.043), but not significantly different from the 
pulsed flow (p = 0.798). The pulsed flow did not differ significantly from the control (p 
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= 0.118). There was no statistically significant effect of flow type on cell number at 
the p < 0.05 level at 0.1 dyne/cm2 after 8-hour flow, [F (2, 9) = 1.727, p = 0.232]. 
There was no statistically significant effect of flow type on cell number at the p < 0.05 
level at 0.1 dyne/cm2 after 24-hour flow, [F (2, 9) = 0.074, p = 0.930].  
 
There was no statistically significant effect of flow type on cell number at the p < 0.05 
level at 1.0 dyne/cm2 after 1-hour flow, [F (2, 9) = 0.140, p = 0.871]. There was a 
statistically significant effect of flow type on cell number at the p < 0.05 level at 1 
dyne/cm2 after 4-hour flow, [F (2, 9) = 41.895, p < 0.001]. Post-hoc comparisons 
using Tukey HSD indicated that the mean score for the steady flow conditions was 
significantly lower than the control (p < 0.001), but not significantly different from the 
pulsed flow (p = 0.524), but the cell number following pulsed flow was significantly 
lower than the control (p < 0.001). There was a statistically significant effect of flow 
type on cell number at the p < 0.05 level at 1 dyne/cm2 after 8-hour flow, [F (2, 9) = 
193.001, p < 0.001]. Post-hoc comparisons using Tukey HSD indicated that the 
mean score for the steady flow conditions was significantly lower than the control (p < 
0.001), and the pulsed flow was also significantly lower than the control (p < 0.001), 
but the steady flow was not significantly different from the pulsed flow (p = 0.980). 
 
There was a statistically significant effect of flow type on cell number at the p < 0.05 
level at 4.0 dyne/cm2 after 1-hour flow, [F (2, 9) = 7.707, p = 0.011]. Post-hoc 
comparisons using Tukey HSD indicated that the mean score for the steady flow 
conditions was significantly higher than the control (p < 0.001) and significantly 
higher than the pulsed flow (p = 0.011). The pulsed flow did not differ significantly 
from the control (p = 0.05). There was a statistically significant effect of flow type on 
cell number at the p < 0.05 level at 4.0 dyne/cm2 after 4-hour flow, [F (2, 9) = 
691.167, p < 0.001]. Post-hoc comparisons using Tukey HSD indicated that the 
mean score for the steady flow conditions was significantly lower than the control (p < 
0.001), but not significantly different from the pulsed flow (p = 0.998), the cell number 
for pulsed flow was also significantly lower than the control (p < 0.001). There was a 
statistically significant effect of flow type on cell number at the p < 0.05 level at 4.0 
dyne/cm2 after 8-hour flow, [F (2, 9) = 1064.775, p < 0.001]. Post-hoc comparisons 
using Tukey HSD indicated that the mean score for the steady flow conditions was 
significantly lower than the control (p < 0.001), but not significantly different from the 
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pulsed flow (p = 0.180). The pulsed flow was also significantly lower than the control 
(p < 0.001).
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Figure 4.1 Bovine nucleus pulposus cell number as determined from DAPI immunostaining of nuclei following 12 
test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear stress conditions of 0.1, 
1.0 and 4.0 dyne/cm2. Results are shown for three flow types; control (no flow), steady flow and pulsed flow. 
Means and 95 % confidence interval error bars are shown based on 4 technical replicates and sample size (n) of 
4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way ANOVA with post-hoc 
Tukey HSD comparing control vs steady vs pulsed flow for each of the 12 test conditions. No results shown for 
1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide following flow experiments, due to 
detachment of cells from slide. 
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4.2.3 Effect of shear stress on cell number 
One-way ANOVAs were used to analyse the effect of shear stress rates; 0.1, 1.0 and 
4.0 dyne/cm2, on cell number. Results and statistically significant findings are shown 
in figure 4.2.  
 
After 1 hour there was no statistically significant difference shown between the three 
shear stress rates in the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 or 4.0 dyne/cm2 
at the p < 0.05 level [F (2, 9) = 0.937, p = 0.427]. After 1 hour in the steady flow 
group again there was no statistically significant difference between the three shear 
stress rates; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 dyne/cm2 at the p < 0.05 level, [F 
(2, 9) = 2.971, p = 0.102]. After 1 hour in the pulsed group, again no statistically 
significant difference was shown between the three shear stress rates 0.1 dyne/cm2, 
1.0 dyne/cm2 and 4.0 dyne/cm2 at the p < 0.05 level [F (2, 9) = 3.133, p = 0.093].  
 
After 4 hours there was no statistically significant difference shown between the 
shear stress rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 
dyne/cm2 at the p < 0.05 level, [F (2, 9) = 2.168, p = 0.170]. There was a statistically 
significant difference between the shear stress rate groups for the steady flow group 
[F (2, 9) = 218.936, p < 0.001]. Post-hoc Tukey HSD showed a significantly higher 
cell number after 0.1 dyne/cm2 compared to 1.0 dyne/cm2 (p < 0.001), a significantly 
higher cell number at 0.1 dyne/cm2 compared to 4.0 dyne/cm2 (p < 0.001), and a 
significantly higher cell number after 1 dyne/cm2 compared to and 4.0 dyne/cm2 (p < 
0.001). For the pulsed flow group there was a statistically significance difference at 
the p < 0.05 level [F (2, 9) = 786.645, p < 0.001]. Post-hoc Tukey HSD showed a 
significantly higher cell number at 0.1 dyne/cm2 compared to 1.0 dyne/cm2 (p < 
0.001), a significantly higher cell number at 0.1 dyne/cm2 compared to 4.0 dyne/cm2 
(p < 0.001), and a significantly higher cell number after 1.0 dyne/cm2 shear stress 
rate compared to 4.0 dyne/cm2 (p < 0.001). 
 
After 8 hours there was no statistically significant difference between the shear stress 
rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 dyne/cm2 at the p < 
0.05 level, [F (2, 9) = 0.177, p = 0.840]. There was a statistically significant difference 
between shear stress rates for the steady flow group, [F (2, 9) = 480.149, p < 0.001]. 
98 
 
Post-hoc Tukey HSD showed significantly higher cell number after 0.1 dyne/cm2 
compared to 1.0 dyne/cm2 (p < 0.001), significantly higher cell number after 0.1 
dyne/cm2 compared to 4.0 dyne/cm2 (p < 0.001), and significantly higher cell number 
after 1.0 dyne/cm2 compared to 4.0 dyne/cm2 (p < 0.001). There was a statistically 
significance difference between shear stress rates for the pulsed flow group [F (2, 9) 
= 1839.401, p < 0.001]. Post-hoc Tukey HSD showed significantly higher cell number 
after 0.1 dyne/cm2 compared to 1.0 dyne/cm2 (p < 0.001), significantly higher cell 
number after 0.1 dyne/cm2 compared to 4.0 dyne/cm2 (p < 0.001), and significantly 
higher cell number after 1.0 dyne/cm2 compared to 4.0 dyne/cm2 (p < 0.001). 
 
After 24 hours the control flow group only was analysed as all cells had detached 
from the Ibidi VI0.4 slides for 1.0 dyne/cm2 and 4.0 dyne/cm2 for steady and pulsed 
flow groups. There was no statistically significant difference shown between the 
shear stress rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 
dyne/cm2 at the p < 0.05 level, [F (2, 9) = 0.834, p = 0.465].
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Figure 4.2 Bovine nucleus pulposus cell number as determined from DAPI immunostaining of nuclei following 12 test conditions: 1, 
4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear stress conditions of 0.1, 1.0 and 4.0 dyne/cm2. Results are 
shown for three flow groups; control (no flow), steady flow and pulsed flow. Means and 95 % confidence interval error bars are 
shown based on 4 technical replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are 
shown for one-way ANOVA with post-hoc Tukey HSD comparing results of shear stress conditions of 0.1, 1.0 and 4.0 dyne/cm2 for 
each of the time conditions and flow types. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 
slide following flow experiments, due to detachment of cells from slide. 
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4.2.4 Effect of duration of flow on cell number 
One-way ANOVAs were used to analyse the effect of the duration of time cells were 
exposed to shear stress; 1, 4, 8 and 24 hours, on cell number. Results and statistically 
significant findings are shown in figure 4.3.  
 
For the control group at 0.1 dyne/cm2 there was a statistically significant result at the p < 
0.05 level, [F (3, 12) = 140.936, p < 0.001]. Post-hoc Tukey HSD showed significantly 
lower cell number after 1 hour compared with 8 hours (p < 0.001), significantly lower cell 
number at 1 hour compared with 24 hours (p < 0.001), significantly lower cell number at 4 
hours compared with 24 hours (p = 0.012), significantly lower cell number after 8 hours 
compared with 24 hours (p = 0.008) and significantly higher cell number at 8 hours 
compared to 4 hours (p = 0.002). No significant difference was seen between 1 hour and 4 
hours (p = 0.248). For the steady group at 0.1 dyne/cm2 a statistically significant difference 
was seen for cell numbers at different time intervals [F (3, 12) = 122.997, p < 0.001]. Post-
hoc Tukey HSD showed significantly lower cell number after 1 hour flow compared with 4 
hours flow (p = 0.001), significantly lower cell number after 4 hours flow compared with 
after 24 hours flow (p < 0.001), significantly lower cell number after 8 hours flow compared 
to after 24 hours flow (p < 0.001), significantly higher cell number at 8 hours compared to 1 
hour (p < 0.001) and statistically significant higher cell number at 24 hours compared to 24 
hours (p < 0.001). No significant difference was seen between 4 hour and 8 hours (p = 
0.888). A statistically significant difference was seen between time intervals for the pulsed 
group at 0.1 dyne/cm2, [F (3, 12) = 112.507, p < 0.001]. Post-hoc Tukey HSD showed a 
significantly higher cell number after 4 hours compared to 1 hour (p = 0.038), significantly 
higher cell number after 8 hour flow compared to after 1 hours flow (p = 0.005), 
significantly higher cell number after 24 hours flow compared to 1 hour (p < 0.001), 
significantly lower cell number after 4 hours compared to 24 hours (p = <0.001) and 
significantly lower cell number after 8 hours flow compared to after 24 hours flow (p < 
0.001). No significant difference was seen between 4 hours and 8 hours (p = 0.667). 
 
A statistically significant difference was seen between time intervals for the control group 
at 1.0 dyne/cm2, [F (3, 12) = 99.085, p < 0.001]. Post-hoc Tukey HSD showed a 
significantly lower cell number after 1 hour compared to 8 hours (p < 0.001), significantly 
lower cell number after 1 hr compared to 24 hours (p < 0.001), significantly lower cell 
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number after 4 hours compared to 8 hours (p = 0.013), significantly lower cell number after 
4 hours compared to 24 hours (p < 0.001) and significantly lower cell number after 8 hours 
compared to 24 hours (p < 0.001). No significant difference was seen between 1 hour and 
4 hours (p = 0.079). For the steady group at 1.0 dyne/cm2 a statistically significant 
difference was seen between time intervals [F (3, 12) = 854.955, p < 0.001]. Post-hoc 
Tukey HSD showed significantly higher cell numbers after 1 hour flow compared with 4 
hour flow (p = 0.001), significantly higher cell numbers between 1 hour compared with 8 
hour flow (p < 0.001), significantly higher cell number between 4 hours compared with 24 
hours flow (p < 0.001), significantly higher cell numbers between after 4 hours flow 
compared with 8 hours flow (p < 0.001), significantly higher cell numbers after 1 hour 
compared to 24 hours (p < 0.001) and significantly higher cell numbers after 8 hours 
compared to 24 hours (p < 0.001). A statistically significant difference was seen between 
time intervals for the pulsed group at 1.0 dyne/cm2 [F (3, 12) = 1490.092, p < 0.001]. Post-
hoc Tukey HSD showed significantly higher cell numbers after 1 hour flow compared with 
4 hour flow (p < 0.001), significantly higher cell numbers between 1 hour compared with 8 
hour flow (p < 0.001), significantly higher cell number between 4 hours and 24 hours (p < 
0.001), significantly higher cell numbers between after 4 hours flow compared with 8 hours 
flow (p < 0.001), significantly higher cell numbers after 1 hour compared to 24 hours (p < 
0.001) and significantly higher cell numbers after 8 hours compared to 24 hours (p < 
0.001). 
 
A statistically significant difference was seen between time intervals for the control group 
at 4.0 dyne/cm2 [F (3, 12) = 128.608, p < 0.001]. Post-hoc Tukey HSD showed significantly 
lower cell number after 1 hour compared to 24 hours (p < 0.001), significantly lower cell 
number after 1 hour compared to 8 hours (p < 0.001), significantly lower cell number after 
4 hour compared to 8 hours (p = 0.015), significantly lower cell number after 4 hours 
compared to 24 hours (p < 0.001) and significantly lower cell number after 8 hours 
compared to 24 hours (p < 0.001). No significant difference was seen between 1 hour and 
4 hours (p = 0.096). For the steady group at 4.0 dyne/cm2 a statistically significant 
difference was seen between time intervals for the steady group [F (3, 12) = 1220.677, p < 
0.001]. Post-hoc Tukey HSD showed significantly higher cell number after 1-hour flow 
compared with 8 hours flow (p < 0.001), significantly higher cell number after 4 hours 
compared with after 8 hours (p < 0.001), significantly higher cell number after 1 hour 
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compared with 4 hours (p < 0.001), significantly higher cell number after 1-hour flow 
compared with 8 hours flow (p < 0.001), significantly higher cell number after 4 hours 
compared with after 24 hours (p < 0.001) and significantly higher cell number after 1 hours 
compared with after 24 hours. Statistically significant differences were seen between time 
intervals for the pulsed group at 4.0 dyne/cm2, [F (3, 12) = 5349.169, p < 0.001]. Post-hoc 
Tukey HSD showed statistically significant (p < 0.001) high cell number after 1-hour flow 
compared with 8 hours flow, statistically significant (p < 0.001) higher cell number after 4 
hours compared with after 8 hours, statistically significant higher cell number (p < 0.001) 
after 1 hour compared with 4 hours, statistically significant (p < 0.001) high cell number 
after 1-hour flow compared with 8 hours flow, statistically significant (p < 0.001) higher cell 
number after 4 hours compared with after 24 hours and statistically significant (p = 0.001) 
higher cell number after 1 hours compared with after 24 hours (p = 0.001).
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Figure 4.3 Bovine nucleus pulposus cell number as determined from DAPI immunostaining of nuclei following 12 
test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear stress conditions of 0.1, 1.0 
and 4.0 dyne/cm2. Results are shown for three flow groups; control (no flow), steady flow and pulsed flow. Means 
and 95 % confidence interval error bars are shown based on 4 technical replicates and sample size (n) of 4 bovine 
subjects. Statistically significant results at level p < 0.05 are shown for one-way ANOVA with post-hoc Tukey HSD 
comparing results after 1, 4, 8 and 24 hours, for each of the shear stress conditions and flow types. No results 
shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide following flow experiments, due 
to detachment of cells from slide. 
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4.3 Focal Adhesion Number 
4.3.1 Descriptive statistics  
   
  Control Steady Pulsed 
Shear Stress 
(dyne/cm2) 
Time 
(hours) 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
0.1 1 36 6.95 34 12.69 30 2.63 
 4 45 5.31 47 8.76 45 4.99 
 8 50 1.83 47 8.76 45 4.99 
 24 53 1.29 48 1.29 50 2.08 
1.0 1 32 2.75 31 2.65 30 1.26 
 4 52 4.03 40 2.99 38 2.08 
 8 55 1.71 34 0.82 32 0.50 
 24 55 0.58 - - - - 
4.0 1 29 2.36 24 1.83 25 0.50 
 4 49 2.22 24 0.96 27 2.16 
 8 59 5.94 22 1.91 23 1.71 
 24 52 4.24 - - - - 
 
Table 4.2 Mean and standard deviation values for focal adhesion number per 
cell for all 3 independent variables; flow type (control, steady and pulsed), 
shear stress (01, 1.0 and 4.0 dyne/cm2) and time points (1, 4, 8 and 24 hours). 
 
4.3.2 Effect of flow type on FA number 
One-way ANOVAs were used to analyse the effect of flow types; no flow, steady flow 
and pulsed flow, on focal adhesion (FA) number. Results and statistically significant 
findings are shown in figure 4.4. No statistical analysis was carried out at 24 hours for 
the steady and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted previously due to the 
detachment of all cells from the slides. 
 
There was no statistically significant effect of flow type on focal adhesion (FA) 
number at the p < 0.05 level at 0.1 dyne/cm2 after 1-hour flow; control, steady, 
pulsed, [F (2, 9) = 0.541, p = 0.600]. There was no significant effect of flow type on 
focal adhesion number at the p < 0.05 level at 0.1 dyne/cm2 after 4-hour flow, [F (2, 
9) = 0.156, p = 0.858]. There was no significant effect of flow type on FA number at 
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the p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 after 8-hour flow, [F (2, 
9) = 2.077, p = 0.181]. There was a statistically significant effect of flow type on FA 
number at the p < 0.05 level at 0.1 dyne/cm2 after 24-hour flow, [F (2, 9) = 9.913, p = 
0.005]. Post-hoc comparisons using Tukey HSD indicated that the mean score for 
the control was significantly higher than the mean score for the steady flow (p = 
0.004), but not significantly different to the pulsed flow (p = 0.062) and there was no 
significant difference between the steady and pulsed flow mean values (p = 0.234). 
 
There was no statistically significant effect of flow type on FA number at the p < 0.05 
level for the three flow conditions at 1.0 dyne/cm2 after 1-hour flow, [F (2, 9) = 0.881, 
p = 0.447]. There was a statistically significant effect of flow type on FA number at 
the p < 0.05 level for the three flow conditions at 1 dyne/cm2 after 4-hour flow, [F (2, 
9) = 25.686, p < 0.001]. Post-hoc comparisons using Tukey HSD indicated that the 
mean score for the steady flow condition was significantly lower than the control (p = 
0.001), but not significantly different compared to the pulsed flow (p = 0.587), and the 
FA number following pulsed flow was significantly lower than the control (p < 0.001). 
There was a statistically significant effect of flow type on FA number at the p < 0.05 
level for the three flow conditions at 1 dyne/cm2 after 8 hours flow, [F (2, 9) = 
503.283, p < 0.001]. Post-hoc comparisons using Tukey HSD indicated that the 
mean score for the steady flow conditions was significantly lower than the control (p < 
0.001), and the pulsed was significantly lower than the control (p < 0.001) and the 
pulsed was significantly lower than the steady flow (p = 0.048). 
 
There was a statistically significant effect of flow type on FA number at the p < 0.05 
level for the three flow conditions at 4.0 dyne/cm2 after 1-hour flow, [F (2, 9) = 
10.555, p = 0.004]. Post-hoc comparisons using Tukey HSD indicated that the mean 
score for the steady flow conditions was significantly lower than the control (p = 
0.005), and the pulsed was significantly lower than the control (p = 0.013). The 
pulsed flow did not significantly differ from the pulsed (p = 0.820). There was a 
statistically significant effect of flow type on FA number at the p < 0.05 level for the 
three flow conditions at 4.0 dyne/cm2 after 4-hour flow, [F (2, 9) = 211.167, p < 
0.001]. Post-hoc comparisons using Tukey HSD indicated that the mean score for 
the steady flow conditions was significantly lower than the control (p < 0.001), and 
the pulsed was significantly lower than the control (p < 0.001). The pulsed flow did 
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not significantly differ from the pulsed (p = 0.084). There was a statistically significant 
effect of flow type on FA number at the p < 0.05 level for the three flow conditions at 
4.0 dyne/cm2 after 8-hour flow, [F (2, 9) = 129.871, p < 0.001]. Post-hoc comparisons 
using Tukey HSD indicated that the mean for the steady flow conditions was 
significantly lower than the control (p < 0.001), and the pulsed was significantly lower 
than the control (p < 0.001). The pulsed flow did not significantly differ from the 
pulsed (p = 0.886). 
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Figure 4.4 Bovine nucleus pulposus focal adhesion number as determined from vinculin immunostaining of focal 
adhesions following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear 
stress conditions of 0.1, 1.0 and 4.0 dyne/cm2. Results are shown for three flow types; control (no flow), steady flow 
and pulsed flow. Means and 95 % confidence interval error bars are shown based on 4 technical replicates and 
sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way ANOVA 
with post-hoc Tukey HSD comparing control vs steady vs pulsed flow for each of the 12 test conditions. No results 
shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide following flow experiments, due 
to detachment of cells from slide. 
108 
 
4.3.3 Effect of shear stress on FA number 
One-way ANOVAs were used to analyse the effect of shear stress rates; 0.1, 1.0 and 
4.0 dyne/cm2, on focal adhesion number. Results and statistically significant findings 
are shown in figure 4.5. No statistical analysis was carried out at 24 hours for the 
steady and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted previously due to the 
detachment of all cells from the slides. 
 
After 1 hour there was no statistically significant difference shown between the three 
shear stress rates in the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 or 4.0 dyne/cm2 
at the p < 0.05 level, [F (2, 9) = 2.068, p = 0.182]. After 1 hour in the steady flow 
group again there was no statistically significant difference between the three shear 
stress rates; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 dyne/cm2 at the p < 0.05 level, [F 
(2, 9) = 1.885, p = 0.207]. After 1 hour in the pulsed group, statistically significant 
differences were shown between the three shear stress rates 0.1 dyne/cm2 ,1.0 
dyne/cm2 and 4.0 dyne/cm2 at the p < 0.05 level [F (2, 9) = 12.686, p = 0.002]. Post-
hoc Tukey showed a significantly lower FA number after 4.0 dyne/cm2 compared to 
0.1 dyne/cm2 (p = 0.006) and significantly lower FA number after 4.0 dyne/cm2 
compared to 1.0 dyne/cm2 (p = 0.004), no significant difference was seen between 
0.1 dyne/cm2 and 1 dyne/cm2 (p = 0.911). 
 
After 4 hours for the control group, there was no significant difference between the 
shear stress rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 
dyne/cm2 at the p < 0.05 level [F (2, 9) = 3.420, p = 0.079]. There was a statistically 
significance difference between the shear stress rate groups for the steady flow 
group, [F (2, 9) = 19.633, p = 0.001]. Post-hoc Tukey showed a significantly lower FA 
number after 4.0 dyne/cm2 compared to 0.1 dyne/cm2 (p < 0.001) and a significantly 
lower FA number at 4.0 dyne/cm2 compared to 1.0 dyne/cm2 (p = 0.006), no 
significant difference was seen between 0.1 dyne/cm2 and 1 dyne/cm2 (p = 0.191). 
For the pulsed flow group, there was a statistically significant difference between 
groups at the p < 0.05 level [F (2, 9) = 28.179, p < 0.001]. Post-hoc Tukey showed a 
significantly lower FA number at 1.0 dyne/cm2 compared to 0.1 dyne/cm2 (p = 0.033), 
significantly lower FA number at 4.0 dyne/cm2 compared to 0.1 dyne/cm2 (p < 0.001) 
and significantly lower FA number between 4.0 dyne/cm2 compared to 1.0 dyne/cm2 
(p = 0.004). 
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After 8 hours there was a statistically significant difference between the shear stress 
rates for the control group at the p < 0.05 level, [F (2, 9) = 5.850, p = 0.024]. Post-hoc 
Tukey showed a significantly higher FA number in 4 dyne/cm2 flow compared to 0.1 
dyne/cm2 (p = 0.019), no significant difference (p = 0.222) was seen between 0.1 
dyne/cm2 and 1 dyne/cm2 and no significant difference (p = 0.289) was seen 
between 4.0 dyne/cm2 and 1 dyne/cm2. There was a statistically significant difference 
between shear stress rates for the steady flow group, [F (2, 9) = 308.053, p < 0.001]. 
Post-hoc Tukey showed significantly lower FA number after 1.0 dyne/cm2 compared 
to 0.1 dyne/cm2 (p < 0.001), significantly lower FA number after 4.0 dyne/cm2 
compared to 1.0 dyne/cm2 (p < 0.001) and significantly lower FA number after 4.0 
dyne/cm2 compared to 0.1 dyne/cm2 (p < 0.001). There was a statistically 
significance difference between shear stress rates for the pulsed flow group at the p 
< 0.05 level, [F (2, 9) = 58.099, p < 0.001]. Post-hoc Tukey showed significantly lower 
FA number after 1.0 dyne/cm2 compared to 0.1 dyne/cm2 (p < 0.001), significantly 
lower FA number after 4.0 dyne/cm2 compared to 0.1 dyne/cm2 (p < 0.001) and 
significantly lower FA number after 4.0 dyne/cm2 compared to 1.0 dyne/cm2 (p = 
0.030). 
 
After 24 hours the control flow group only was analysed as all cells had detached 
from the Ibidi VI0.4 slides for 1.0 dyne/cm2 and 4.0 dyne/cm2 for steady and pulsed 
flow groups. There was no statistical significance shown between the shear stress 
rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 dyne/cm2 at the p < 
0.05 level, [F (2, 9) = 1.050, p = 0.389]. 
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Figure 4.5 Bovine nucleus pulposus focal adhesion number as determined from vinculin immunostaining of focal adhesions 
following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear stress conditions of 0.1, 1.0 and 
4.0 dyne/cm2. Results are shown for three flow groups; control (no flow), steady flow and pulsed flow. Means and 95 % confidence 
interval error bars are shown based on 4 technical replicates and sample size (n) of 4 bovine subjects. Statistically significant results 
at level p < 0.05 are shown for one-way ANOVA with post-hoc Tukey HSD comparing results of shear stress conditions of 0.1, 1.0 and 
4.0 dyne/cm2 for each of the time conditions and flow types. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells 
present on Ibidi VI0.4 slide following flow experiments, due to detachment of cells from slide. 
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4.3.4 Effect of flow duration on FA number 
One-way ANOVAs were used to analyse the effect of the duration of time cells were 
exposed to shear stress; 1, 4, 8 and 24 hours, on focal adhesion number. Results 
and statistically significant findings are shown in figure 4.6. No statistical analysis 
was carried out at 24 hours for the steady and pulsed groups at 1.0 and 4.0 dyne/cm2 
as noted previously due to the detachment of all cells from the slides. 
 
For the control group at 0.1 dyne/cm2 there was a statistically significant results at 
the p < 0.05 level, [F (3, 12) = 10.773, p = 0.001]. Post-hoc Tukey HSD showed 
significantly higher FA number after 8 hours compared with 1 hour (p = 0.004) and 
significantly higher FA number after 24 hours compared with 1 hour (p = 0.001). No 
significant difference was seen between 1 hour and 4 hours (p = 0.065), no 
significant difference was seen between 4 hours and 8 hours (p = 0.392), no 
significant difference was seen between 4 hours and 24 hours (p = 0.124) and no 
significant difference was seen between 8 hours and 24 hours (p = 0.861). For the 
steady group at 0.1 dyne/cm2 there was no statistically significant difference seen for 
FA number at different time intervals, [F (3, 12) = 2.770, p = 0.087]. A statistically 
significant difference was seen between time intervals for the pulsed group at 0.1 
dyne/cm2, [F (3, 12) = 20.258, p < 0.001]. Post-hoc Tukey HSD showed significantly 
higher FA number after 4 hours flow compared to after 1 hour flow (p = 0.003), 
significantly higher FA number after 8 hours flow compared to after 1 hour flow (p < 
0.001) and significantly higher FA number after 24 hours flow compared to after 1 
hour flow (p < 0.001). No significant difference was seen between 4 hours and 8 
hours (p = 0.099), no significant difference was seen between 8 hours and 24 hours 
(p = 0.703) and no significant difference was seen between 4 hours and 24 hours (p 
= 0.480). 
 
A statistically significant difference was seen between time intervals for the control 
group at 1.0 dyne/cm2, [F (3, 12) = 69.548, p < 0.001]. Post-hoc Tukey HSD showed 
significantly higher FA number after 4 hours compared to 1 hour (p < 0.001), 
significantly higher FA number after 8 hours compared to 1 hour (p < 0.001) and 
significantly higher FA number after 24 hours compared to 1 hour (p < 0.001). No 
significance difference was seen between 8 hours and 4 hours (p = 0.546), or 
between 24 hours and 4 hours (p = 0.625) or between 24 hours and 8 hours (p = 
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0.999). For the steady group at 1.0 dyne/cm2 a statistically significant difference was 
seen between time intervals [F (2, 11) =15.784, p < 0.001]. Post-hoc Tukey HSD 
showed statistically significant higher FA number after 4 hour flow compared with 1 
hour flow (p = 0.001), statistically significant lower FA number after 8 hours flow 
compared with 4 hours flow (p = 0.008). No significant difference was seen between 
1 hour and 8 hours (p = 0.144). A statistically significant difference was seen 
between time intervals for the pulsed group at 1.0 dyne/cm2 [F (2, 11) =28.500, p < 
0.001]. Post-hoc Tukey HSD showed statistically significant higher FA number after 4 
hours flow compared with 1 hour flow (p < 0.001) and statistically significant lower FA 
number after 8 hours flow compared with 4 hours flow (p < 0.001), no significant 
difference was seen between 1 hour and 8 hours flow (p = 0.345). 
 
A statistically significant difference was seen between time intervals for the control 
group at 4.0 dyne/cm2 [F (3, 12) = 40.679, p < 0.001]. Post-hoc Tukey showed 
significantly higher FA number after 4 hours compared to 1 hour (p < 0.001), 
significantly higher FA number after 8 hours compared to 1 hour (p < 0.001) and 
significantly higher FA number after 24 hours compared to 1 hour (p < 0.001), no 
statistically significant differences were seen between 4 hours and 8 hours (p = 
0.016), between 8 hours and 24 hours (p = 0.114) or between 4 and 24 hours (p = 
0.667). For the steady group at 4.0 dyne/cm2 there were no statistically significant 
differences seen between time intervals for the steady group [F (2, 11) = 2.874, p = 
0.108]. There was a statistically significant difference seen between time intervals for 
the pulsed group at 4.0 dyne/cm2 [F (2, 11) = 6.926, p = 0.015]. Post-hoc Tukey HSD 
showed significantly high FA number  after 4 hours compared to 8 hours (p = 0.005).
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Figure 4.6 Bovine nucleus pulposus focal adhesion number as determined from vinculin immunostaining of focal 
adhesions following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear stress 
conditions of 0.1, 1.0 and 4.0 dyne/cm2. Results are shown for three flow groups; control (no flow), steady flow and pulsed 
flow. Means and 95 % confidence interval error bars are shown based on 4 technical replicates and sample size (n) of 4 
bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way ANOVA with post-hoc Tukey HSD 
comparing results after 1, 4, 8 and 24 hours, for each of the shear stress conditions and flow types. No results shown for 
1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide following flow experiments, due to detachment of 
cells from slide. 
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4.4 Cell Circularity 
4.4.1 Descriptive statistics  
   
  Control Steady Pulsed 
Shear Stress 
(dyne/cm2) 
Time 
(hours) 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
0.1 1 0.34 0.048 0.32 0.028 0.32 0.015 
 4 0.30 0.033 0.30 0.016 0.31 0.015 
 8 0.31 0.013 0.27 0.010 0.29 0.014 
 24 0.28 0.012 0.29 0.014 0.29 0.010 
1.0 1 0.30 0.025 0.32 0.043 0.29 0.019 
 4 0.32 0.043 0.37 0.013 0.35 0.014 
 8 0.30 0.013 0.37 0.022 0.43 0.037 
 24 0.28 0.029 - - - - 
4.0 1 0.32 0.022 0.30 0.008 0.32 0.026 
 4 0.31 0.008 0.39 0.029 0.41 0.026 
 8 0.26 0.017 0.16 0.033 0.44 0.030 
 24 0.29 0.013 - - - - 
 
Table 4.3 Mean and standard deviation values for cell circularity for all 3 
independent variables; flow type (control, steady and pulsed), shear stress (01, 
1.0 and 4.0 dyne/cm2) and time points (1, 4, 8 and 24 hours). 
 
4.4.2 Effect of flow type on cell circularity 
One-way ANOVAs were used to analyse the effect of flow types; no flow, steady flow 
and pulsed flow, on cell circularity. Results and statistically significant findings are 
shown in figure 4.7. No statistical analysis was carried out at 24 hours for the steady 
and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted previously due to the 
detachment of all cells from the slides. 
 
There was no statistically significant effect of flow type on cell circularity at the p < 
0.05 level for the three flow conditions at 0.1 dyne/cm2 after 1-hour flow, [F (2, 11) = 
0.373, p = 0.699]. There was no statistically significant effect of flow type on cell 
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circularity at the p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 after 4-
hour flow, [F (2, 11) = 0.047, p = 0.954]. There was a statistically significant effect of 
flow type on cell circularity at the p < 0.05 level for the three flow conditions at 0.1 
dyne/cm2 after 8-hour flow, [F (2, 11) = 6.927, p = 0.015]. Post-hoc comparisons 
using Tukey HSD indicated that the mean score for the control was significantly 
higher than the mean score for the steady flow (p = 0.012), but not significantly 
different to the pulsed flow (p=0.252) and no significant difference was seen between 
steady and pulsed flow mean values (p = 0.167). There was no statistically significant 
effect of flow type on cell circularity at the p < 0.05 level for the three flow conditions 
at 0.1 dyne/cm2 after 24-hour flow; control, steady pulsed, [F (2, 11) = 2.745, p = 
0.117].  
 
There was no statistically significant effect of flow type on cell circularity at the p < 
0.05 level for the three flow conditions at 1.0 dyne/cm2 after 1-hour flow; control 
steady pulsed, [F (2, 11) = 1.167, p = 0.354]. There was no statistically significant 
effect of flow type on cell circularity at the p < 0.05 level for the three flow conditions 
at 1 dyne/cm2 after 4-hour flow, [F (2, 11) = 2.544, p = 0.133].  There was a 
statistically significant effect of flow type on cell circularity at the p < 0.05 level for the 
three flow conditions at 1 dyne/cm2 after 8 hour flow, [F (2, 11) = 24.434, p < 0.001]. 
Post-hoc comparisons using Tukey HSD indicated that the mean score for the steady 
flow conditions was significantly higher than the control (p = 0.007), and the pulsed 
was significantly higher than the control (p < 0.001) and the pulsed was significantly 
higher than the steady flow (p = 0.045). 
 
There was no statistically significant effect of flow type on cell circularity at the p < 
0.05 level for the three flow conditions at 4.0 dyne/cm2 after 1-hour flow, [F (2, 11) = 
1.163, p = 0.355]. There was a statistically significant effect of flow type on cell 
circularity at the p < 0.05 level for the three flow conditions at 4.0 dyne/cm2 after 4-
hour flow, [F (2, 11) = 19.1632, p = 0.001]. Post-hoc comparisons using Tukey HSD 
indicated that the mean score for the steady flow conditions was significantly higher 
than the control (p = 0.002), and the pulsed was significantly higher than the control 
(p = 0.001). The pulsed flow did not significantly differ from the steady flow (p = 
0.648). There was a statistically significant effect of flow type on cell number at the p 
< 0.05 level for the three flow conditions at 4.0 dyne/cm2 after 8-hour flow, [F (2, 11) 
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= 59.551, p < 0.001]. Post-hoc comparisons using Tukey HSD indicated that the 
mean score for the steady flow conditions was significantly higher than the control (p 
< 0.001), and the pulsed was significantly higher than the control (p < 0.001). The 
pulsed flow did not significantly differ from the steady flow (p = 0.655). 
 
4.4.2 Effect of shear stress rate on cell circularity 
One-way ANOVAs were used to analyse the effect of shear stress rates; 0.1, 1.0 and 
4.0 dyne/cm2, on cell circularity. Results and statistically significant findings are 
shown in figure 4.8. No statistical analysis was carried out at 24 hours for the steady 
and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted previously due to the 
detachment of all cells from the slides. 
 
After 1 hour there was no statistically significant difference seen between the three 
shear stress rates in the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 or 4.0 dyne/cm2 
at the p < 0.05 level, [F (2, 9) = 1.260, p = 0.329]. After 1 hour in the steady flow 
group there was no statistically significant difference between the three shear stress 
rates; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 dyne/cm2 at the p < 0.05 level, [F (2, 9) = 
0.529, p = 0.606]. After 1 hour in the pulsed group no statistically significant 
differences were seen between the three shear stress rates 0.1 dyne/cm2 ,1.0 
dyne/cm2 and 4.0 dyne/cm2 at the p < 0.05 level [F (2, 9) = 2.824, p = 0.112].  
 
After 4 hours for the control group, there was no significant difference seen between 
the shear stress rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 
dyne/cm2 at the p < 0.05 level, [F (2, 9) = 0.760, p = 0.495]. There was a statistically 
significance difference between the shear stress rate groups for the steady flow 
group [F (2, 9) = 19.923, p < 0.001]. Post-hoc Tukey HSD showed significantly higher 
cell circularity after 1.0 dyne/cm2 compared to 0.1 dyne/cm2 (p = 0.004), significantly 
higher cell circularity at 4.0 dyne/cm2 compared to 0.1 dyne/cm2 (p < 0.001) and no 
significant difference between 1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.258). For the 
pulsed flow group, there was a statistically significant difference at the p < 0.05 level 
[F (2, 9) = 30.822, p < 0.001]. Post-hoc Tukey HSD showed significantly higher cell 
circularity at 4.0 dyne/cm2 compared to 0.1 dyne/cm2 (p < 0.001), significantly higher 
in cell circularity at 4.0 dyne/cm2 compared to 1.0 dyne/cm2 (p = 0.008), and 
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significantly higher cell circularity at 1.0 dyne/cm2 compared to 0.1 dyne/cm2 (p = 
0.010). 
 
After 8 hours there was a statistically significance difference between the shear 
stress rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 dyne/cm2 at 
the p < 0.05 level, [F (2, 9) = 10.014, p = 0.005]. Post-hoc Tukey HSD showed 
significantly lower cell circularity at 4.0 dyne/cm2 compared to 1.0 dyne/cm2 (p = 
0.018), significantly lower cell circularity at 4.0 dyne/cm2 compared to 0.1 dyne/cm2 
(p = 0.006) and no significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 
0.747). There was a statistically significant difference between shear stress rates for 
the steady flow group at the p < 0.05 level, [F (2, 9) = 59.540, p < 0.001].  Post-hoc 
Tukey HSD showed significantly higher cell circularity after 1.0 dyne/cm2 compared 
to 0.1 dyne/cm2 (p = 0.001), significantly higher cell circularity after 4.0 dyne/cm2 
compared to 0.1 dyne/cm2 (p < 0.001) and significantly higher cell circularity at 4.0 
dyne/cm2 compared to 1.0 dyne/cm2 (p = 0.002). There was a statistically significant 
difference between shear stress rates for the pulsed flow group, [F (2, 9) = 32.654, p 
< 0.001]. Post-hoc Tukey HSD showed significantly higher cell circularity after 1.0 
dyne/cm2 compared to 0.1 dyne/cm2 (p < 0.001), significantly higher cell circularity 
after 4.0 dyne/cm2 compared to 0.1 dyne/cm2 (p < 0.001) and no significant 
difference between 4.0 dyne/cm2 and 1.0 dyne/cm2 (p = 0.814). 
 
After 24 hours the control flow group only was analysed as all cells had detached 
from the Ibidi VI0.4 slides for 1.0 dyne/cm2 and 4.0 dyne/cm2 for steady and pulsed 
flow groups. There was no statistical significance shown between the shear stress 
rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 dyne/cm2 at the p < 
0.05 level [F (2, 9) = 0.265, p = 0.773]. 
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Figure 4.7 Bovine nucleus pulposus circularity as determined from phalloidin immunostaining of F-actin 
following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear stress 
conditions of 0.1, 1.0 and 4.0 dyne/cm2. Results are shown for three flow types; control (no flow), steady flow 
and pulsed flow. Means and 95 % confidence interval error bars are shown based on 4 technical replicates and 
sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way 
ANOVA with post-hoc Tukey HSD comparing control vs steady vs pulsed flow for each of the 12 test 
conditions. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide 
following flow experiments, due to detachment of cells from slide. 
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Figure 4.8 Bovine nucleus pulposus cell circularity as determined from phalloidin immunostaining of F-actin 
following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear stress 
conditions of 0.1, 1.0 and 4.0 dyne/cm2. Results are shown for three flow groups; control (no flow), steady flow and 
pulsed flow. Means and 95 % confidence interval error bars are shown based on 4 technical replicates and sample 
size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way ANOVA with 
post-hoc Tukey HSD comparing results of shear stress conditions of 0.1, 1.0 and 4.0 dyne/cm2 for each of the time 
conditions and flow types. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 
slide following flow experiments, due to detachment of cells from slide. 
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Figure 4.8 Bovine nucleus pulposus cell circularity as determined from phalloidin immunostaining of F-actin 
following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear stress 
conditions of 0.1, 1.0 and 4.0 dyne/cm2. Results are shown for three flow groups; control (no flow), steady flow and 
pulsed flow. Means and 95 % confidence interval error bars are shown based on 4 technical replicates and sample 
size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way ANOVA with 
post-hoc Tukey HSD comparing results of shear stress conditions of 0.1, 1.0 and 4.0 dyne/cm2 for each of the time 
conditions and flow types. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 
slide following flow experiments, due to detachment of cells from slide. 
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4.4.3 Effect of duration of flow on cell circularity 
One-way ANOVAs were used to analyse the effect of the duration of time cells were 
exposed to shear stress; 1, 4, 8 and 24 hours, on cell circularity. Results and 
statistically significant findings are shown in figure 4.9. No statistical analysis was 
carried out at 24 hours for the steady and pulsed groups at 1.0 and 4.0 dyne/cm2 as 
noted previously due to the detachment of all cells from the slides. 
 
For the control group at 0.1 dyne/cm2 there were no statistically significant results at 
the p < 0.05 level, [F (3, 12) = 2.727, p = 0.091]. Statistically significant differences 
were seen between time intervals for the steady group at 0.1 dyne/cm2, [F (3, 12) = 
4.304, p = 0.028). Post-hoc Tukey HSD showed significantly lower cell circularity 
after 8 hours compared with 1 hour (p = 0.020). No significant differences between 1 
and 4 hours (p = 0.543), between 1 and 24 hours (p = 0.195), between 4 and 8 hours 
(p = 0.195), between 4 and 24 hours (p = 0.962) or between 8 and 24 hours (p = 
0.543). No statistically significant differences were seen between time intervals for 
the pulsed group at 0.1 dyne/cm2, [F (3, 12) = 3.360, p = 0.055]. 
 
No statistically significant difference was seen between time intervals for the control 
group at 1.0 dyne/cm2, [F (3, 12) = 1.408, p = 0.289]. For the steady group at 1.0 
dyne/cm2 no statistically significant difference was seen between time intervals [F (2, 
11) = 3.832, p = 0.063]. Statistically significant differences were seen between time 
intervals for the pulsed group at 1.0 dyne/cm2 [F (2, 11) = 29.545, p < 0.001]. Post-
hoc Tukey HSD showed significantly higher cell circularity after 4 hours flow 
compared with 1 hour flow (p = 0.008) and significantly higher cell circularity after 8 
hours flow compared with 1 hours flow (p < 0.001) and significantly higher cell 
circularity was seen after 8 hours flow compared with 4 hours flow (p = 0.002). 
 
Statistically significant differences were seen between time intervals for the control 
group at 4.0 dyne/cm2 [F (3, 12) = 10.782, p < 0.001]. Post-hoc Tukey showed 
statistically significant (p = 0.005) lower cell circularity after 8 hours compared to 4 
hours, statistically significant (p = 0.001) lower cell circularity after 8 hours compared 
to 1 hour and statistically significant (p = 0.037) lower cell circularity after 24 hours 
compared to 1 hours. No statistically significant differences (p = 0.806) between 4 
hours compared to 1 hour, no statistically significant differences (p = 0.166) between 
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4 hours compared to 24 hours, no statistically significant differences were seen 
between 8 hours and 24 hours (p = 0.234). For the steady group at 4.0 dyne/cm2 a 
statistically significant difference was seen between time intervals for the steady 
group [F (2, 11) = 35.754, p < 0.001]. Post-hoc Tukey HSD showed significantly 
higher cell circularity after 4 hours flow compared with 1 hour flow (p = 0.001) and 
significantly higher cell circularity after 8 hours flow compared with 1 hours flow (p = 
0.007), and significantly higher cell circularity between 4 hour and 8 hours flow (p < 
0.001).  A statistically significant difference was seen between time intervals for the 
pulsed group at 4.0 dyne/cm2 [F (2, 11) = 20.245, p < 0.001]. Post-hoc Tukey HSD 
showed significantly higher cell circularity after 4 hours flow compared with 1 hour 
flow (p = 0.001) and significantly higher cell circularity after 8 hours flow compared 
with 1 hours flow (p < 0.001), no significant difference was seen between 4 hour and 
8 hours flow (p = 0.269).
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4.5 Collagen 1 
4.5.1 Descriptive statistics 
   
  Control Steady Pulsed 
Shear Stress 
(dyne/cm2) 
Time 
(hours) 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
0.1 1 -4.52 0.51 -1.75 0.90 -5.77 1.00 
 4 -3.25 1.06 -1.64 0.71 -3.66 1.02 
 8 -2.51 0.72 -3.84 1.03 -5.17 0.60 
 24 -1.72 0.25 -2.60 0.80 -3.96 0.76 
1.0 1 -4.02 1.00 -4.68 0.91 -2.40 0.55 
 4 -0.76 1.01 -2.32 0.39 -2.27 0.66 
 8 -4.12 1.11 -2.84 1.55 -2.54 0.47 
 24 -2.22 0.62 - - - - 
4.0 1 -2.26 1.02 -0.96 0.81 1.99 2.32 
 4 -3.01 0.48 -1.91 0.14 -1.36 0.85 
 8 -1.43 0.45 -0.79 0.21 -0.84 0.68 
 24 -3.67 0.77 - - - - 
 
Table 4.4 Mean and standard deviation dCt values (normalized to GAPDH) for gene 
expression of collagen 1 for all 3 independent variables; flow type (control, steady 
and pulsed), shear stress (01, 1.0 and 4.0 dyne/cm2) and time points (1, 4, 8 and 24 
hours). 
 
4.5.2 Effect of flow type on GE of collagen 1 
One-way ANOVAs were used to analyse the effect of flow types; no flow, steady flow and 
pulsed flow, on gene expression of Collagen 1. Results and statistically significant findings 
are shown in figure 4.10. No statistical analysis was carried out at 24 hours for the steady 
and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted previously due to the detachment of 
all cells from the slides. 
 
There was a statistically significant effect of flow type on gene expression dCt values for 
collagen 1 at the p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 after 1 hour 
flow, [F (2, 11) = 24.677, p < 0.001]. Post-hoc comparisons using Tukey HSD indicated 
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that the mean score for the steady flow conditions was significantly different than for the 
control (p = 0.003), and the steady flow was significantly different from the pulsed flow (p < 
0.001), but the pulsed flow did not significantly differ from the control (p = 0.139).There 
was a statistically significant effect of flow type on gene expression dCt values for collagen 
1 at the p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 after 4 hour flow, [F (2, 
11) = 5.154, p = 0.032]. Post-hoc comparisons using Tukey HSD indicated that the mean 
score for the steady flow conditions was significantly different than the pulsed (p = 0.034), 
the control was not significantly different the steady flow (p = 0.089), or to the pulsed flow 
(p = 0.817). There was a statistically significant effect of flow type on gene expression dCt 
values for collagen 1 at the p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 
after 8 hour flow, [F (2,11) = 10.970, p = 0.004]. Post-hoc comparisons using Tukey HSD 
indicated that the mean score for the pulsed flow conditions was significantly different than 
the control (p = 0.003), and there was no significant differences between the control and 
steady flow (p = 0.102) or between the pulsed flow and steady flow (p = 0.099). There was 
a statistically significant effect of flow type on gene expression dCt values for collagen 1 at 
the p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 after 24 hour flow, [F (2, 11) 
= 11.904, p = 0.003]. Post-hoc comparisons using Tukey HSD indicated that the mean 
score for the pulsed flow conditions was significantly different than the control (p = 0.002), 
and pulsed flow was significantly different from the steady flow (p = 0.040), but the steady 
flow did not significantly differ from the control (p = 0.193). 
 
There was a statistically significant effect of flow type on gene expression dCt values for 
collagen 1 at the p < 0.05 level for the three flow conditions at 1.0 dyne/cm2 after 1 hour 
flow, [F (2, 11) = 7.707, p = 0.011]. Post-hoc comparisons using Tukey HSD indicated that 
the mean score for the pulsed flow conditions was significantly different than the steady (p 
= 0.010), there was no significant difference between the control and pulsed flow (p = 
0.057), or between the control and steady flow (p = 0.532). There was a statistically 
significant effect of flow type on gene expression dCt values for collagen 1 at the p < 0.05 
level for the three flow conditions at 1.0 dyne/cm2 after 4 hour flow, [F(2, 11) = 5.889, p = 
0.023]. Post-hoc comparisons using Tukey HSD indicated that the mean score for the 
steady flow condition was significantly different than the control (p = 0.035), and control 
was significantly different from the pulsed flow (p = 0.041), but the pulsed flow did not 
significantly differ from the steady (p = 0.994). There was no statistically significant effect 
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of flow type on gene expression dCt values for collagen 1 at the p < 0.05 level for the three 
flow conditions at 1.0 dyne/cm2 after 8 hour flow, [F (2, 11) = 2.209, p = 0.166].  
 
There was a statistically significant effect of flow type on gene expression dCt values for 
collagen 1 at the p < 0.05 level for the three flow conditions at 4.0 dyne/cm2 after 1 hour 
flow, [F (2, 11) = 8.034, p = 0.010]. Post-hoc comparisons using Tukey HSD indicated that 
the mean score for the pulsed flow conditions was significantly different than the control (p 
= 0.009), there was no statistically significant difference between the control and steady 
flow (p = 0.483), or between pulsed flow and steady flow (p = 0.057). There was a 
statistically significant effect of flow type on gene expression dCt values for collagen 1 at 
the p < 0.05 level for the three flow conditions at 4.0 dyne/cm2 after 4 hours flow, [F (2, 11) 
= 8.775, p = 0.008]. Post-hoc comparisons using Tukey HSD indicated that the mean 
score for the pulsed flow conditions was significantly different than the control (p = 0.007), 
but there was no significantly difference between control and steady flow (p = 0.054) or 
between steady and pulsed flow (p = 0.397). There was no statistically significant effect of 
flow type on gene expression dCt values for collagen 1 at the p < 0.05 level for the three 
flow conditions at 4.0 dyne/cm2 after 8 hour flow, [F (2, 11) = 2.117, p = 0.176].  
 
4.5.3 Effect of shear stress rate on GE of collagen 1 
One-way ANOVAs were used to analyse the effect of shear stress rates; 0.1, 1.0 and 4.0 
dyne/cm2, on gene expression of collagen 1. Results and statistically significant findings 
are shown in figure 4.11. No statistical analysis was carried out at 24 hours for the steady 
and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted previously due to the detachment of 
all cells from the slides. 
 
There was a statistically significant effect on gene expression dCt values for collagen 1 at 
the p < 0.05 level between the three shear stress conditions 0.1, 1.0 and 4.0 dyne/cm2 
after 1 hour for control [F (2, 9) = 7.344, p = 0.013]. Post-hoc tests using Tukey HSD 
showed no significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.013), no 
significant difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.047) and no 
significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.703).  After 1 hour for 
steady flow a statistically significant difference was seen, [F (2, 9) = 20.223, p < 0.001]. 
Post-hoc tests using Tukey HSD indicated that there was a significant difference between 
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0.1 dyne/cm2 and 1 dyne/cm2 shear stress (p = 0.003), significant difference between 1.0 
dyne/cm2 and 4.0 dyne/cm2 (p = 0.001), and no significant difference between 0.1 
dyne/cm2 and 4.0 dyne/cm2 (p = 0.438). After 1 hour for pulsed flow, [F (2, 9) = 27.293, p < 
0.001]. Post-hoc tests using Tukey HSD indicated that there was a significant difference 
between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p < 0.001), a significant difference between 0.1 
dyne/cm2 and 1.0 dyne/cm2 (p = 0.027) and a significant difference between 1.0 dyne/cm2 
and 4.0 dyne/cm2 (p = 0.006). 
 
A one-way ANOVA determined that there was a statistically significant effect on gene 
expression dCt values for collagen 1 at the p<0.05 level between the three shear stress 
conditions 0.1, 1.0 and 4.0 dyne/cm2 after 4 hours for control, [F (2, 9) = 9.568, p = 0.006]. 
Post-hoc tests using Tukey HSD showed a significant difference between 1.0 dyne/cm2 
and 4.0 dyne/cm2 (p = 0.015), a significant difference between 0.1 dyne/cm2 and 1.0 
dyne/cm2 (p = 0.008) and no significant difference between 0.1 dyne/cm2 and 4.0 
dyne/cm2 (p = 0.926). There was no statistically significant difference between groups after 
4 hours for steady flow, [F (2, 9) = 2.150, p = 0.172]. There was a statistically significant 
difference between groups after 4 hours for pulsed, [F (2, 9) = 7.323, p = 0.013]. Post-hoc 
tests using Tukey HSD showed a significant difference between 0.1 dyne/cm2 and 4.0 
dyne/cm2 (p = 0.011), but no significant difference between 0.1 dyne/cm2 and 1.0 
dyne/cm2 (p = 0.108) or between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.332). 
 
A one-way ANOVA determined that there was a statistically significant effect on gene 
expression dCt values for collagen 1 at the p < 0.05 level between the three shear stress 
conditions 0.1, 1.0 and 4.0 dyne/cm2 after 8 hours for control, [F (2, 9) = 11.387, p = 
0.003]. Post-hoc tests using Tukey HSD showed a significant difference between 1.0 
dyne/cm2 and 4.0 dyne/cm2 (p = 0.003), a significant difference between 0.1 dyne/cm2 and 
1.0 dyne/cm2 (p = 0.047) and no significant difference between 0.1 dyne/cm2 and 4.0 
dyne/cm2 (p = 0.192). A statistically significant difference was seen after 8 hours for steady 
flow, [F (2, 9) = 8.299, p = 0.009]. Post-hoc tests using Tukey HSD indicated that there 
was a significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 shear stress (p = 
0.008), no significant difference was seen between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 
0.423), and no significance between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.059). A 
statistically significant difference was seen after 8 hours for pulsed, [F (2, 9) = 54.316, p < 
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0.001]. Post-hoc tests using Tukey HSD indicated that there was a significant difference 
between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p < 0.001), a significant difference between 0.1 
dyne/cm2 and 4.0 dyne/cm2 (p < 0.001) and a significant difference between 1.0 dyne/cm2 
and 4.0 dyne/cm2 (p = 0.007). 
 
After 24 hours the control flow group only was analysed as all cells had detached from the 
Ibidi VI0.4 slides for 1.0 dyne/cm2 and 4.0 dyne/cm2 for steady and pulsed flow groups. 
There was a statistically significant difference shown between the shear stress rates for 
the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 dyne/cm2 at the p < 0.05 level, [F 
(2, 9) = 11.889, p = 0.003]. Post-hoc tests using Tukey HSD showed a significant 
difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.003), and a significant 
difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.017), and no significant 
difference was seen between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.487). 
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Figure 4.10 Gene expression of collagen 1 in Bovine nucleus pulposus cells relative to housekeeping gene (GAPDH) 
and control (no flow) as determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in 
Ibidi VI0.4 flow chamber at shear stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; 
control (no flow), steady flow and pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error 
bars are shown based on 4 technical replicates and sample size (n) of 4 bovine subjects. Statistically significant 
results at level p < 0.05 are shown for one-way ANOVA with post-hoc Tukey HSD comparing control vs steady vs 
pulsed flow for each of the 12 test conditions. p value above or below error bar corresponds to Tukey HSD post-hoc 
test result between control and flow condition (steady or pulsed). p value above comparison bar corresponds to Tukey 
HSD post-hoc test result between steady vs pulsed flow. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as 
no cells present on Ibidi VI0.4 slide following flow experiments, due to detachment of cells from slide. 
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Figure 4.11 Gene expression of collagen 1 in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear 
stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady flow and 
pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based on 4 technical 
replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way 
ANOVA with post-hoc Tukey HSD comparing shear stress conditions 0.1 vs 1.0 vs 4.0 dyne/cm2 flow for each of the time 
conditions and flow types. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide 
following flow experiments, due to detachment of cells from slide. 
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4.5.4 Effect of duration of flow on GE of collagen 1 
One-way ANOVAs were used to analyse the effect of the duration of time cells were 
exposed to shear stress; 1, 4, 8 and 24 hours, on gene expression of collagen 1. 
Results and statistically significant findings are shown in figure 4.12. No statistical 
analysis was carried out at 24 hours for the steady and pulsed groups at 1.0 and 4.0 
dyne/cm2 as noted previously due to the detachment of all cells from the slides. 
 
For the control group at 0.1 dyne/cm2 there was a statistically significant result at the 
p < 0.05 level [F (3, 12) = 11.628, p = 0.001]. Post-hoc Tukey HSD showed a 
significant difference after 24 hours compared to 1 hour (p = 0.001), a significant 
difference was seen between 8 hours and 1 hour (p = 0.007) and between 4 hours 
and 24 hours (p = 0.041). No significant differences were seen between 8 hours and 
4 hours (p = 0.473), between 4 hours and 1 hour (p = 0.096) or between 8 hours and 
24 hours (p = 0.415). A statistically significant difference was seen between time 
intervals for the steady group at 0.1 dyne/cm2, [F (3, 12) = 5.536, p = 0.013). Post-
hoc Tukey HSD showed significant differences between 1 hour and 8 hours (p = 
0.023), and between 4 hours and 8 hours (p = 0.017). There were no significant 
differences between 1 hour and 4 hours (p = 0.998), between 1 hour and 24 hours (p 
= 0.524) between 4 hours and 24 hours (p = 0.426) or between 8 hours and 24 hours 
(p = 0.233). A statistically significant difference was seen between time intervals for 
the pulsed group at 0.1 dyne/cm2, [F (3, 12) = 5.350, p = 0.015]. Post-hoc Tukey 
HSD showed significant differences after 4 hours compared to 1 hour (p = 0.021) and 
after 24 hours compared to 1 hour (p = 0.050), no significant differences were seen 
between 24 hours compared to 8 hours (p = 0.246) or between 8 hours and 1 hour (p 
= 0.763), or between 8 hours and 4 hours (p = 0.114) or between 4 hours and 24 
hours (p = 0.959). 
 
A statistically significant difference was seen between time intervals for the control 
group at 1.0 dyne/cm2, [F (3, 12) = 11.340, p = 0.001]. Post-hoc Tukey HSD showed 
significant differences after 4 hours compared to 1 hour (p = 0.002) and after 8 hours 
compared to 1 hour (p = 0.002), no significant differences were seen after 8 hours 
compared to 1 hour (p = 0.999), after 24 hours compared to 1 hour (p = 0.083), after 
24 hours compared to 4 hours (p = 0.189) or after 8 hours compared to 1 hour (p = 
0.999). For the steady group at 1.0 dyne/cm2 a statistically significant difference was 
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seen between time intervals [F (2, 11) = 5.466, p = 0.028]. Post-hoc Tukey HSD 
showed significant difference after 4 hours compared with 1 hour (p = 0.029), and no 
significant difference was seen after 8 hours compared to 1 hour (p = 0.084) or after 
8 hours compared with 4 hours (p = 0.778). For the pulsed group, no statistically 
significant difference was seen between time intervals at 1.0 dyne/cm2 [F (2, 11) = 
0.235, p = 0.795]. 
 
A statistically significant difference was seen between time intervals for the control 
group at 4.0 dyne/cm2, [F (3, 12) = 7.241, p = 0.005]. Post-hoc Tukey HSD showed 
significant differences after 8 hours compared to 4 hours (p = 0.039) and between 8 
hours and 24 hours (p = 0.004), no significant difference was seen between 4 hours 
compared to 1 hour (p = 0.474), between 8 hours compared to 1 hour (p = 0.401), 
between 4 hours and 24 hours (p = 0.582) or between 1 hours and 24 hours (p = 
0.069). For the steady group at 4.0 dyne/cm2 a statistically significant difference was 
seen between time intervals for the steady group [F (2, 11) = 6.096, p = 0.021]. Post-
hoc Tukey HSD showed a significant difference after 8 hours flow compared with 4 
hour flow (p = 0.025), no significant difference was seen between 1 hour and 4 hours 
(p = 0.053) or between 1 hour and 8 hours (p = 0.884). A statistically significant 
difference was seen between time intervals for the pulsed group at 4.0 dyne/cm2 [F 
(2, 11) = 5.954, p = 0.023]. Post-hoc Tukey HSD showed a significant difference 
between 4 hours and 1 hour (p = 0.026) and no significant difference between 8 
hours and 1 hour (p = 0.057) and no significant difference between 8 hours and 4 
hours (p = 0.877).  
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Figure 4.12 Gene expression of collagen 1 in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear 
stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady flow and 
pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based on 4 technical 
replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way 
ANOVA with post-hoc Tukey HSD comparing results after 1, 4, 8 and 24 hours, for each of the shear flow conditions and flow 
groups. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide following flow 
experiments, due to detachment of cells from slide. 
 
p = 0.029 
p = 0.025 p = 0.026 
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4.6 Collagen 2 
4.6.1 Descriptive statistics  
   
  Control Steady Pulsed 
Shear Stress 
(dyne/cm2) 
Time 
(hours) 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
0.1 1 3.11 1.07 2.34 0.84 4.85 0.19 
 4 7.00 1.18 3.73 0.42 5.11 1.09 
 8 5.21 0.77 3.53 0.88 3.43 1.14 
 24 5.70 1.14 6.27 1.20 4.53 1.37 
1.0 1 3.30 1.41 1.25 0.56 6.13 1.23 
 4 4.94 0.90 5.52 0.56 7.02 1.10 
 8 2.58 0.29 5.56 1.86 5.92 0.69 
 24 2.10 0.88 - - - - 
4.0 1 5.44 0.61 7.72 0.92 7.17 0.84 
 4 3.47 0.89 5.54 1.17 5.09 1.31 
 8 4.44 0.92 5.63 0.43 6.36 1.56 
 24 3.51 0.93 - - - - 
 
Table 4.5 Mean and standard deviation dCt values (normalized to GAPDH) for 
gene expression of collagen 2 for all 3 independent variable, flow type (control, 
steady and pulsed), shear stress (01, 1.0 and 4.0 dyne/cm2) and time points (1, 
4, 8 and 24 hours). 
 
 
4.6.2 Effect of flow type on GE of collagen 2 
One-way ANOVAs were used to analyse the effect of flow types; no flow, steady flow 
and pulsed flow, on gene expression of collagen 2. Results and statistically 
significant findings are shown in figure 4.13. No statistical analysis was carried out at 
24 hours for the steady and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted 
previously due to the detachment of all cells from the slides. 
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Figure 4.13 Gene expression of collagen 2 in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at 
shear stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady 
flow and pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based 
on 4 technical replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are 
shown for one-way ANOVA with post-hoc Tukey HSD comparing control vs steady vs pulsed flow for each of the 12 
test conditions. p value above or below error bar corresponds to Tukey HSD post-hoc test result between control and 
flow condition (steady or pulsed). p value above comparison bar corresponds to Tukey HSD post-hoc test result 
between steady vs pulsed flow. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi 
VI0.4 slide following flow experiments, due to detachment of cells from slide. 
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There was a statistically significant effect of flow type on gene expression dCt values 
for collagen 2 at the p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 after 
1 hour flow, [F (2, 9) = 10.422, p = 0.005]. Post-hoc comparisons using Tukey HSD 
indicated that the mean score for the pulsed flow condition was significantly different 
than for the control (p = 0.031), and the steady flow was significantly different from 
the pulsed flow (p = 0.004), but the steady flow did not significantly differ from the 
control (p = 0.400). There was a statistically significant effect of flow type on gene 
expression dCt values for collagen 2 at the p < 0.05 level for the three flow conditions 
at 0.1 dyne/cm2 after 4 hour flow, [F (2, 9) = 11.702, p = 0.003]. Post-hoc 
comparisons using Tukey HSD indicated that the mean score for the steady flow 
condition was significantly different from the control (p = 0.002), the control was not 
significantly different from the pulsed flow (p = 0.050), and the steady was not 
significantly different from the pulsed flow (p = 0.160). There was a statistically 
significant effect of flow type on gene expression dCt values for collagen 2 at the p < 
0.05 level for the three flow conditions at 0.1 dyne/cm2 after 8 hour flow, [F (2,9) = 
4.530, p = 0.044]. Post-hoc comparisons using Tukey HSD indicated that the mean 
score for the steady flow condition was significantly different than the control (p = 
0.032), and there was a significant difference between from the control and pulsed 
flow (p = 0.025) and no significant difference between the pulsed flow and steady 
flow (p = 0.891).There was no statistically significant effect of flow type on gene 
expression dCt values for collagen 2 at the p < 0.05 level for the three flow conditions 
at 0.1 dyne/cm2 after 24 hour flow, [F (2, 9) = 2.040, p =0.186].  
 
There was a statistically significant effect of flow type on gene expression dCt values 
for collagen 2 at the p < 0.05 level for the three flow conditions at 1.0 dyne/cm2 after 
1 hour flow, [F (2, 9) = 18.818, p = 0.001]. Post-hoc comparisons using Tukey HSD 
indicated that the mean score for the pulsed flow condition was significantly different 
than the control (p = 0.016), there was a significant difference between the steady 
and pulsed flow (p < 0.001), and no significant difference between the steady and 
pulsed flow (p = 0.071). There was a statistically significant effect of flow type on 
gene expression dCt values for collagen 2 at the p < 0.05 level for the three flow 
conditions at 1.0 dyne/cm2 after 4 hours flow, [F (2, 9) = 5.947, p = 0.023]. Post-hoc 
comparisons using Tukey HSD indicated that the mean score for the pulsed flow 
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condition was significantly different than the control (p = 0.021), and control was 
significantly different from the steady flow (p = 0.635), but the pulsed flow did not 
significantly differ from the steady (p = 0.091). There was a statistically significant 
effect of flow type on gene expression dCt values for collagen 2 at the p < 0.05 level 
for the three flow conditions at 1.0 dyne/cm2 after 8 hours flow, [F (2, 9) = 9.990, p = 
0.005]. Post-hoc comparisons using Tukey HSD indicated that the mean score for 
the steady flow conditions was significantly different than the control (p = 0.014), and 
control was significantly different from the pulsed flow (p = 0.007), but the pulsed flow 
did not significantly differ from the steady (p = 0.897). 
 
There was a statistically significant effect of flow type on gene expression dCt values 
for collagen 2 at the p < 0.05 level for the three flow conditions at 4.0 dyne/cm2 after 
1 hour flow. [F (2, 9) = 8.933, p = 0.007]. Post-hoc comparisons using Tukey HSD 
indicated that the mean score for the steady flow condition was significantly different 
than the control (p = 0.007), there was a significant difference between the control 
and pulsed flow (p = 0.033), there was no significant difference between pulsed flow 
and steady flow (p = 0.604). There was no statistically significant effect of flow type 
on gene expression dCt values for collagen 2 at the p < 0.05 level for the three flow 
conditions at 4.0 dyne/cm2 after 4 hour flow, [F (2, 9) = 3.698, p = 0.067]. There was 
no statistically significant effect of flow type on gene expression dCt values for 
collagen 2 at the p < 0.05 level for the three flow conditions at 4.0 dyne/cm2 after 8 
hour flow, [F (2, 9) = 3.268, p = 0.086].  
 
4.6.3 Effect of shear stress rate on GE of collagen 2 
One-way ANOVAs were used to analyse the effect of shear stress rates; 0.1, 1.0 and 
4.0 dyne/cm2, on gene expression of collagen 2. Results and statistically significant 
findings are shown in figure 4.14. No statistical analysis was carried out at 24 hours 
for the steady and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted previously due to 
the detachment of all cells from the slides. 
 
There was a statistically significant effect on gene expression dCt values for collagen 
2 at the p < 0.05 level between the three shear stress conditions 0.1, 1.0 and 4.0 
dyne/cm2 after 1 hour for control, [F (2, 9) = 5.704, p = 0.025]. Post-hoc tests using 
Tukey HSD indicated that there was a significant difference between 0.1 dyne/cm2 
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and 4 dyne/cm2 shear stress (p = 0.034) and no statistically significant difference 
between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.050), and no significance between 
0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.967). There was a statistically significant effect 
on gene expression dCt values for collagen 2 at the p < 0.05 level between the three 
shear stress conditions 0.1, 1.0 and 4.0 dyne/cm2 after 1 hour for steady, [F (2, 9) = 
77.056, p < 0.001]. Post-hoc tests using Tukey HSD indicated that there was a 
significant difference between 0.1 dyne/cm2 and 4 dyne/cm2 shear stress (p < 0.001), 
a significant difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p < 0.001), and no 
significance between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.178). A statistically 
significant difference was seen after 1 hour for pulsed, [F (2, 9) = 7.183, p = 0.014]. 
Post-hoc tests using Tukey HSD showed a significant difference between 0.1 
dyne/cm2 and 4.0 dyne/cm2 (p = 0.011), no statistically significant difference was 
seen between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.148) or between 1.0 dyne/cm2 
and 4.0 dyne/cm2 (p = 0.258). 
 
A one-way ANOVA determined that there was a statistically significant effect on gene 
expression dCt values for collagen 2 at the p < 0.05 level between the three shear 
stress conditions 0.1, 1.0 and 4.0 dyne/cm2 after 4 hours for control [F (2, 9) = 
12.604, p = 0.002]. Post-hoc tests using Tukey HSD showed that there was a 
significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.002), a 
significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.041) and no 
significant difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.150). A 
statistically significant difference was seen after 4 hours for steady flow, [F (2, 9) = 
6.998, p = 0.015]. Post-hoc tests using Tukey HSD showed a significant difference 
between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.026), a significant difference between 
0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.024), and no significant difference between 1.0 
dyne/cm2 and 4.0 dyne/cm2 (p = 0.999).  No statistically significant difference was 
seen between group means after 4 hours for pulsed flow, [F (2, 9) = 3.601, p = 
0.071].  
 
A one-way ANOVA determined that there was a statistically significant effect on gene 
expression dCt values for collagen 2 at the p < 0.05 level between the three shear 
stress conditions 0.1, 1.0 and 4.0 dyne/cm2 after 8 hours for control, [F (2, 9) = 
14.390, p = 0.002]. Post-hoc tests using Tukey HSD showed that there was a 
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significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.001), a 
significant difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.013) and no 
significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.321). No 
statistically significant difference was seen after 8 hours steady flow, [F (2, 9) = 
3.869, p = 0.061]. A statistically significant difference was seen after 8 hours for 
pulsed flow, [F (2, 9) = 7.119, p = 0.014]. Post-hoc tests using Tukey HSD showed 
that there was a significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 
0.038), a significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.017) 
and no significant difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.859). 
 
After 24 hours the control flow group only was analysed as all cells had detached 
from the Ibidi VI0.4 slides for 1.0 dyne/cm2 and 4.0 dyne/cm2 for steady and pulsed 
flow groups. There was a statistically significant difference shown between the shear 
stress rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 dyne/cm2 at 
the p < 0.05 level, [F (2, 9) = 13.331, p = 0.002]. Post-hoc tests using Tukey HSD 
showed a significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.002), 
and a significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.030) and 
no significant difference was seen between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 
0.166). 
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Figure 4.14 Gene expression of collagen 2 in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear 
stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady flow and 
pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based on 4 technical 
replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way 
ANOVA with post-hoc Tukey HSD comparing shear stress conditions 0.1 vs 1.0 vs 4.0 dyne/cm2 flow for each of the time 
conditions and flow types. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide 
following flow experiments, due to detachment of cells from slide. 
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4.6.4 Effect of duration of flow on GE of collagen 2 
One-way ANOVAs were used to analyse the effect of the duration of time cells were 
exposed to shear stress; 1, 4, 8 and 24 hours, on gene expression of collagen 2. 
Results and statistically significant findings are shown in figure 4.15. No statistical 
analysis was carried out at 24 hours for the steady and pulsed groups at 1.0 and 4.0 
dyne/cm2 as noted previously due to the detachment of all cells from the slides. 
 
For the control group at 0.1 dyne/cm2 there was a statistically significant results at the 
p < 0.05 level, [F (3, 12) = 9.435, p = 0.002]. Post-hoc Tukey HSD showed a 
significant difference after 4 hours compared to 1 hour (p = 0.001), a significant 
difference was seen between 24 hours and 1 hour (p = 0.021), no significant 
difference between 8 hours and 1 hour (p = 0.064) or between 24 hours and 4 hours 
(p = 0.342) or between 8 hours and 4 hours (p = 0.130) or between 8 hours and 24 
hours (p = 0.914). A statistically significant difference was seen between time 
intervals for the steady group at 0.1 dyne/cm2, [F (3, 12) = 14.043, p < 0.001). Post-
hoc Tukey HSD showed significant differences after 24 hours compared to 1 hour (p 
< 0.001), between 4 hours and 24 hours (p = 0.007) and between 8 hours and 24 
hours (p = 0.004), and no significant differences were seen between 1 hours and 4 
hours (p = 0.170), no significant differences between 1 hour and 8 hours (p = 0.279), 
no significant difference between 4 hours and 8 hours (p = 0.987). No statistically 
significant differences were seen between time intervals for the pulsed group at 0.1 
dyne/cm2, [F (3, 12) = 1.980, p = 0.171].  
 
A statistically significant difference was seen between time intervals for the control 
group at 1.0 dyne/cm2, [F (3, 12) = 6.688, p = 0.007]. Post-hoc Tukey HSD showed 
significant differences after 24 hours compared to 1 hour (p = 0.334) and after 4 
hours compare to 8 hours (p = 0.021) and after 4 hours compared to 24 hours (p = 
0.006), no significant differences were seen between 1 hour and 4 hours (p = 0.127), 
between 1 hour and 8 hours (p = 0.719) and between 8 hours and 24 hours (p = 
0.893). For the steady group at 1.0 dyne/cm2 statistically significant differences were 
seen between time intervals, [F (2, 9) = 17.980, p = 0.001]. Post-hoc Tukey HSD 
showed statistically significant differences after 4 hours compared with 1 hour (p = 
0.002), and after 8 hours compared to 1 hour (p = 0.001), no significant differences 
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were seen after 8 hours compared with 4 hours (p = 0.999). For the pulsed group no 
statistically significant differences were seen between time intervals at 1.0 dyne/cm2, 
[F (2, 11) = 1.273, p = 0.326]. 
 
A statistically significant difference was seen between time intervals for the control 
group at 4.0 dyne/cm2 [F (3, 12) = 4.812, p = 0.020]. Post-hoc Tukey HSD showed a 
significant difference after 4 hours compared to 1 hour (p = 0.029), a significant 
difference between 24 hours compared to 1 hour (p = 0.033), no significant difference 
between 8 hours compared to 1 hour (p = 0.382), no significant difference was seen 
between 8 hours and 24 hours (p = 0.441) or between 4 hours and 8 hours (p = 
0.406), or between 4 hours and 24 hours (p = 1.000). For the steady group at 4.0 
dyne/cm2 statistically significant differences seen between time intervals for the 
steady group [F (2, 11) = 7.647, p = 0.011]. Post-hoc Tukey HSD showed statistically 
significant differences after 4 hours flow compared with 1 hour flow (p = 0.018), 
statistically significant differences were seen between 8 hour and 1 hours (p = 0.022) 
and no significant differences were seen between 4 hours and 8 hours (p = 0.990). 
No statistically significant differences seen between time intervals for the pulsed 
group at 4.0 dyne/cm2 [F (2, 11) = 2.740, p = 0.118].  
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Figure 4.15 Gene expression of collagen 2 in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear 
stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady flow and 
pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based on 4 technical 
replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way 
ANOVA with post-hoc Tukey HSD comparing results after 1, 4, 8 and 24 hours, for each of the shear flow conditions and flow 
groups. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide following flow 
experiments, due to detachment of cells from slide. 
 
p = 0.002 
p = 0.001 
p = 0.018 
p = 0.022 
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4.7 Aggrecan 
4.7.1 Descriptive statistics  
 
   
  Control Steady Pulsed 
Shear Stress 
(dyne/cm2) 
Time 
(hours) 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
0.1 1 -1.50 1.30 -2.02 1.19 -1.95 1.01 
 4 7.24 0.52 5.58 0.73 3.91 2.01 
 8 0.39 0.91 -0.65 0.75 -0.80 0.47 
 24 5.14 1.96 3.23 1.13 3.09 2.53 
1.0 1 2.89 1.50 0.48 0.87 4.02 1.28 
 4 2.76 1.15 4.85 1.04 4.09 1.55 
 8 0.36 1.26 0.79 1.36 4.29 0.88 
 24 1.61 0.95 - - - - 
4.0 1 1.98 1.80 5.46 1.02 6.25 1.37 
 4 1.80 1.44 2.34 1.30 3.84 1.73 
 8 0.36 0.46 1.89 0.90 5.14 1.59 
 24 1.34 0.46 - - - - 
 
Table 4.6 Mean and standard deviation dCt values (normalized to GAPDH) for 
gene expression of aggrecan for all 3 independent variables; flow type (control, 
steady and pulsed), shear stress (01, 1.0 and 4.0 dyne/cm2) and time points (1, 
4, 8 and 24 hours). 
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Figure 4.16 Gene expression of aggrecan in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at 
shear stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady 
flow and pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based 
on 4 technical replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are 
shown for one-way ANOVA with post-hoc Tukey HSD comparing control vs steady vs pulsed flow for each of the 12 
test conditions. p value above or below error bar corresponds to Tukey HSD post-hoc test result between control and 
flow condition (steady or pulsed). p value above comparison bar corresponds to Tukey HSD post-hoc test result 
between steady vs pulsed flow. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi 
VI0.4 slide following flow experiments, due to detachment of cells from slide. 
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4.7.2 Effect of flow type on GE of aggrecan 
One-way ANOVAs were used to analyse the effect of flow types; no flow, steady flow 
and pulsed flow, on gene expression of aggrecan. Results and statistically significant 
findings are shown in figure 4.16. No statistical analysis was carried out at 24 hours 
for the steady and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted previously due to 
the detachment of all cells from the slides. 
 
There was no statstically significant effect of flow type on gene expression dCt values 
for aggrecan at the p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 after 1 
hour flow, [F (2, 9) = 0.233, p = 0.797]. There was a statistically significant effect of 
flow type on gene expression dCt values for aggrecan at the p < 0.05 level for the 
three flow conditions at 0.1 dyne/cm2 after 4 hour flow, [F (2, 9) = 6.837, p = 0.016]. 
Post-hoc comparisons using Tukey HSD indicated that the mean score for the pulsed 
flow condition was significantly different than the control (p = 0.012), and no 
significant difference between control and pulsed flow (p = 0.209), and the pulsed 
flow did not significantly differ from the steady (p = 0.209). There was no statistically 
significant effect of flow type on gene expression dCt values for aggrecan at the p < 
0.05 level for the three flow conditions at 0.1 dyne/cm2 after 8 hour flow, [F (2, 9) = 
3.123, p = 0.093].  There was no statistically significant effect of flow type on gene 
expression dCt values for aggrecan at the p < 0.05 level for the three flow conditions 
at 0.1 dyne/cm2 after 24 hour flow, [F (2, 9) = 1.360, p = 0.305].  
 
There was a statistically significant effect of flow type on gene expression dCt values 
for aggrecan at the p < 0.05 level for the three flow conditions at 1.0 dyne/cm2 after 1 
hour flow, [F (2, 9) = 8.478, p = 0.009]. Post-hoc comparisons using Tukey HSD 
indicated that the mean score for the steady flow condition was significantly different 
than the pulsed (p = 0.008), and no significant differences were seen between control 
and steady flow (p = 0.054), or between the control and pulsed flow (p = 0.435). 
There was no statistically significant effect of flow type on gene expression dCt 
values for aggrecan at the p < 0.05 level for the three flow conditions at 1.0 dyne/cm2 
after 4 hour flow, [F (2, 9) = 2.806, p = 0.113]. There was a statistically significant 
effect of flow type on gene expression dCt values for aggrecan at the p < 0.05 level 
for the three flow conditions at 1.0 dyne/cm2 after 8 hour flow, [F (2, 9) = 13.203, p = 
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0.002]. Post-hoc comparisons using Tukey HSD indicated that the mean score for 
the control was significantly different than for pulsed flow (p = 0.003) and the steady 
flow condition was significantly different than the pulsed (p = 0.006), and no 
significant difference was seen between control and steady flow (p = 0.867). 
 
There was a statistically significant effect of flow type on gene expression dCt values 
for aggrecan at the p < 0.05 level for the three flow conditions at 4.0 dyne/cm2 after 1 
hour flow, [F (2, 9) = 10.062, p = 0.005]. Post-hoc comparisons using Tukey HSD 
indicated that the mean score for the control was significantly different than the 
steady (p = 0.018), and the control was significantly different from the pulsed flow (p 
= 0.006), but the pulsed flow did not significantly differ from the steady flow (p = 
0.722). There was no statistically significant effect of flow type on gene expression 
dCt values for aggrecan at the p < 0.05 level for the three flow conditions at 4.0 
dyne/cm2 after 4 hour flow, [F (2, 9) = 1.977, p = 0.194].  There was a statistically 
significant effect of flow type on gene expression dCt values for aggrecan at the p < 
0.05 level for the three flow conditions at 4.0 dyne/cm2 after 8 hour flow, [F (2, 9) = 
20.156, p < 0.001]. Post-hoc comparisons using Tukey HSD indicated that the mean 
score for the control was significantly different than the pulsed (p < 0.001), and the 
steady was significantly different from the pulsed flow (p = 0.006), but the control did 
not significantly differ from the steady (p = 0.172). 
 
4.7.3 Effect of shear stress rate on GE of aggrecan  
One-way ANOVAs were used to analyse the effect of shear stress rates; 0.1, 1.0 and 
4.0 dyne/cm2, on gene expression of aggrecan. Results and statistically significant 
findings are shown in figure 4.17. No statistical analysis was carried out at 24 hours 
for the steady and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted previously due to 
the detachment of all cells from the slides. 
 
There was a statistically significant effect on gene expression dCt values for 
aggrecan at the p < 0.05 level between the three shear stress conditions 0.1, 1.0 and 
4.0 dyne/cm2 after 1 hour for control, [F (2, 9) = 9.012, p = 0.007]. Post-hoc tests 
using Tukey HSD showed there was a significant difference between 0.1 dyne/cm2 
and 1.0 dyne/cm2 (p = 0.008), and significant difference between 0.1 dyne/cm2 and 
4.0 dyne/cm2 (p = 0.027), and no significant difference between 1.0 dyne/cm2 and 4.0 
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dyne/cm2 (p = 0.693). A statistically significant difference was seen after 1 hour for 
steady flow, [F (2, 9) = 54.340, p < 0.001]. Post-hoc tests using Tukey HSD showed 
there was a significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p < 
0.001), a significant difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p < 0.001) 
and a significant difference was seen between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 
0.019). A statistically significant difference was seen after 1 hour for pulsed flow, [F 
(2, 9) = 47.537, p < 0.001]. Post-hoc tests using Tukey HSD showed there was a 
significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p < 0.001), a 
significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p < 0.001), no 
significant difference was seen between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.072). 
 
A one-way ANOVA determined that there was a statistically significant effect on gene 
expression dCt values for aggrecan at the p < 0.05 level between the three shear 
stress conditions 0.1, 1.0 and 4.0 dyne/cm2 after 4 hours for control, [F (2, 9) = 
27.744, p < 0.001]. Post-hoc tests using Tukey HSD showed there was a significant 
difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.001), a significant 
difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p < 0.001), and no significant 
difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.461). A statistically 
dignificant difference was seen after 4 hours for steady flow, [F (2, 9) = 10.436, p = 
0.005]. Post-hoc tests using Tukey HSD showed there was a significant difference 
between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.005), a significant difference between 
1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.020) and no significant difference between 0.1 
dyne/cm2 and 1.0 dyne/cm2 (p = 0.610). No statistically significant difference was 
seen after 4 hours for pulsed flow, [F (2, 9) = 0.021, p = 0.979]. 
 
A one-way ANOVA determined that there was no statistically significant effect on 
gene expression dCt values for aggrecan at the p < 0.05 level between the three 
shear stress conditions 0.1, 1.0 and 4.0 dyne/cm2 after 8 hours for control, [F (2, 9) = 
0.001, p = 0.999]. A statistically significant differences was seen after 8 hours steady 
flow, [F (2, 9) = 6.026, p = 0.022]. Post-hoc tests using Tukey HSD showed there 
was a significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.018), and 
no significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.175), and no 
significant difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.341). 
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A statistically significant difference was seen after 8 hours for pulsed, [F (2, 9) = 
35.157, p < 0.001]. Post-hoc tests using Tukey HSD showed there was a significant 
difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p < 0.001), a significant 
difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p < 0.001), and no significant 
difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.535). 
 
After 24 hours the control flow group only was analysed as almost all cells had 
detached from the Ibidi VI0.4 slides for 1.0 dyne/cm2 and 4.0 dyne/cm2 for steady and 
pulsed flow groups. There was a statistically significant difference shown between 
the shear stress rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 
dyne/cm2 at the p < 0.05 level, [F (2, 9) = 10.806, p = 0.004]. Post-hoc tests using 
Tukey HSD showed a significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 
(p = 0.010), and significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 
0.006), and no significance difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 
0.951). 
 
4.7.4 Effect of duration of flow on GE of aggrecan  
One-way ANOVAs were used to analyse the effect of the duration of time cells were 
exposed to shear stress; 1, 4, 8 and 24 hours, on gene expression of aggrecan. 
Results and statistically significant findings are shown in figure 4.18. No statistical 
analysis was carried out at 24 hours for the steady and pulsed groups at 1.0 and 4.0 
dyne/cm2 as noted previously due to the detachment of all cells from the slides. 
 
For the control group at 0.1 dyne/cm2 there was a statistically significant result at the 
p < 0.05 level, [F (3, 12) = 39.793, p < 0.001]. Post-hoc Tukey HSD showed a 
significant difference after 4 hours compared to 1 hour (p < 0.001), a significant 
difference between 24 hours and 1 hours (p < 0.001) and a significant difference 
between 4 hour and 8 hours (p < 0.001) and between 8 hours and 24 hours (p = 
0.001). No significant difference was seen between 1 hours and 8 hours (p = 0.217) 
or between 4 hours and 24 hours (p = 0.150). A statistically significant difference was 
seen between time intervals for the steady group at 0.1 dyne/cm2, [F (3, 12) = 
51.876, p < 0.001). Post-hoc Tukey HSD showed a significant difference after 4 
hours compared to 1 hour (p < 0.001) and a significant difference was seen between 
4 hours and 24 hours (p = 0.023), between 8 and 24 hours (p = 0.001), between 8 
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hour and 4 hours (p < 0.001) and between 4 hours and 24 hours (p = 0.023). No 
significant difference was seen between 1 hour and 8 hours (p = 0.242). A 
statistically significant difference was seen between time intervals for the pulsed 
group at 0.1 dyne/cm2, [F (3, 12) = 11.340, p = 0.001].  Post-hoc Tukey HSD showed 
a significant difference after 4 hours compared to 1 hour (p = 0.002) and between 1 
hours and 24 hours (p = 0.006), between 4 hours and 8 hours (p = 0.010) and 
between 8 hours and 24 hours (p = 0.032). No significant differences were seen 
between 8 hours and 1 hours (p = 0.778) or between 4 hours and 24 hours (p = 
0.900).  
 
No statistically significant differences were seen between time intervals for the control 
group at 1.0 dyne/cm2, [F (3, 12) = 2.933, p = 0.092]. For the steady group at 1.0 
dyne/cm2 statistically significant differences were seen between time intervals [F (2, 
11) = 19.316, p = 0.001]. Post-hoc Tukey HSD showed a significant difference after 4 
hours compared to 1 hour (p = 0.001), and between 4 hours and 8 hours (p = 0.002), 
no significant difference was seen between 8 hours and 1 hours (p = 0.918). For the 
pulsed group no statistically significant differences were seen between time intervals 
at 1.0 dyne/cm2, [F (2, 11) = 0.049, p = 0.952]. 
 
No statistically significant differences were seen between time intervals for the control 
group at 4.0 dyne/cm2 [F (3, 12) = 1.467, p = 0.273]. For the steady group at 4.0 
dyne/cm2 a statistically significant difference was seen between time intervals for the 
steady group [F (2, 11) = 12.795, p = 0.002]. Post-hoc Tukey HSD showed significant 
differences after 8 hours compared to 1 hour (p = 0.018), no significant differences 
were seen between 4 hours and 1 hours (p = 0.062), or between 4 hours and 8 hours 
(p = 1.000). No statistically significant differences seen between time intervals for the 
pulsed group at 4.0 dyne/cm2 [F (2, 11) = 2.364, p = 0.150].  
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Figure 4.17 Gene expression of aggrecan in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear 
stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady flow and 
pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based on 4 technical 
replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p<0.05 are shown for one-way 
ANOVA with post-hoc Tukey HSD comparing shear stress conditions 0.1 vs 1.0 vs 4.0 dyne/cm2 flow for each of the time 
conditions and flow types. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide 
following flow experiments, due to detachment of cells from slide. 
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Figure 4.18 Gene expression of aggrecan in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear 
stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady flow and 
pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based on 4 technical 
replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p<0.05 are shown for one-way 
ANOVA with post-hoc Tukey HSD comparing results after 1, 4, 8 and 24 hours, for each of the shear flow conditions and flow 
groups. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide following flow 
experiments, due to detachment of cells from slide. 
 
p = 0.002 
p = 0.001 
p = 0.018 
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4.8 Aggrecanase 1 
4.8.1 Descriptive statistics  
   
  Control Steady Pulsed 
Shear Stress 
(dyne/cm2) 
Time 
(hours) 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
0.1 1 0.70 0.77 -0.30 0.38 -0.15 0.37 
 4 2.16 1.15 0.20 0.41 1.62 0.87 
 8 -0.03 0.49 1.24 0.79 0.64 0.59 
 24 0.80 1.32 0.09 1.03 0.54 1.17 
1.0 1 -1.17 0.83 1.39 3.14 0.97 1.28 
 4 -0.46 1.18 2.13 1.42 3.86 0.71 
 8 0.14 0.96 -0.41 0.65 1.14 0.78 
 24 -0.55 1.35 - - - - 
4.0 1 1.62 1.75 2.76 1.38 0.93 1.94 
 4 -0.56 0.89 -1.37 1.13 -1.22 0.82 
 8 0.84 0.54 0.15 0.21 2.10 1.39 
 24 0.75 1.06 - - - - 
Table 4.7 Mean and standard deviation dCt values (normalized to GAPDH) for 
gene expression of aggrecanase 1 for all 3 independent variables; flow type 
(control, steady and pulsed), shear stress (01, 1.0 and 4.0 dyne/cm2) and time 
points (1, 4, 8 and 24 hours). 
 
4.8.2 Effect of flow type on GE of aggrecanase 1 
One-way ANOVAs were used to analyse the effect of flow types; no flow, steady flow 
and pulsed flow, on gene expression of aggrecanase 1. Results and statistically 
significant findings are shown in figure 4.19. No statistical analysis was carried out at 
24 hours for the steady and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted 
previously due to the detachment of all cells from the slides. 
 
There was no statistically significant effect of flow type on gene expression dCt 
values for aggrecanase 1 at the p < 0.05 level for the three flow conditions at 0.1 
dyne/cm2 after 1 hour flow, [F (2, 9) = 3.913, p = 0.060]. There was a statistically 
significant effect of flow type on gene expression dCt values for aggrecanase 1 at the 
p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 after 4 hours flow, [F (2, 9) 
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= 5.459, p = 0.028]. Post-hoc comparisons using Tukey HSD indicated that the mean 
score for the steady flow conditions was significantly different than the control (p = 
0.027), there was no significant difference between the control and pulsed flow (p = 
0.665), or between the pulsed and steady flow (p = 0.104). There was no statistically 
significant effect of flow type on gene expression dCt values for aggrecanase 1 at the 
p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 after 8 hours flow, [F (2, 9) 
= 3.967, p = 0.058]. There was no statistically significant effect of flow type on gene 
expression dCt values for aggrecanase 1 at the p < 0.05 level for the three flow 
conditions at 0.1 dyne/cm2 after 24 hours flow, [F (2, 11) = 0.371, p = 0.700].  
 
There was no statistically significant effect of flow type on gene expression dCt 
values for aggrecanase 1 at the p < 0.05 level for the three flow conditions at 1.0 
dyne/cm2 after 1 hour flow, [F (2, 9) = 1.855, p = 0.212]. There was a statistically 
significant effect of flow type on gene expression dCt values for aggrecanase 1 at the 
p < 0.05 level for the three flow conditions at 1.0 dyne/cm2 after 4 hour flow, [F (2, 9) 
= 14.479, p = 0.002]. Post-hoc comparisons using Tukey HSD indicated that the 
mean score for the steady flow conditions was significantly different than the control 
(p = 0.026), and the mean score for pulsed was significantly different from the control 
(p = 0.001), but the pulsed flow did not significantly differ from the steady (p = 0.135). 
There was no statistically significant effect of flow type on gene expression dCt 
values for aggrecanase 1 at the p < 0.05 level for the three flow conditions at 1.0 
dyne/cm2 after 8 hours flow, [F (2, 9) = 3.826, p = 0.063].  
 
There was no statistically significant effect of flow type on gene expression dCt 
values for aggrecanase 1 at the p < 0.05 level for the three flow conditions at 4.0 
dyne/cm2 after 1 hour flow, [F (2, 9) = 1.172, p = 0.353]. There was no statistically 
significant effect of flow type on gene expression dCt values for aggrecanase 1 at the 
p < 0.05 level for the three flow conditions at 4.0 dyne/cm2 after 4 hours flow, [F (2, 9) 
= 0.803, p = 0.477]. There was a statistically significant effect of flow type on gene 
expression dCt values for aggrecanase 1 at the p < 0.05 level for the three flow 
conditions at 4.0 dyne/cm2 after 8 hours flow, [F (2, 9) = 5.189, p = 0.032]. Post-hoc 
comparisons using Tukey HSD indicated that the mean score for the steady flow 
conditions was significantly different than the pulsed (p = 0.027), there was no 
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significant difference between the steady flow and control (p = 0.524) or between the 
pulsed flow and control (p = 0.155).
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Figure 4.19 Gene expression of aggrecanase 1 in bovine nucleus pulposus cells relative to GAPDH and control (no 
flow) as determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow 
chamber at shear stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no 
flow), steady flow and pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are 
shown based on 4 technical replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level 
p<0.05 are shown for one-way ANOVA with post-hoc Tukey HSD comparing control vs steady vs pulsed flow for each 
of the 12 test conditions. p value above or below error bar corresponds to Tukey HSD post-hoc test result between 
control and flow condition (steady or pulsed). p value above comparison bar corresponds to Tukey HSD post-hoc test 
result between steady vs pulsed flow. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on 
Ibidi VI0.4 slide following flow experiments, due to detachment of cells from slide. 
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4.8.3 Effect of shear stress rate on GE of aggrecanase 1  
One-way ANOVAs were used to analyse the effect of shear stress rates; 0.1, 1.0 and 
4.0 dyne/cm2, on gene expression of aggrecanase 1. Results and statistically 
significant findings are shown in figure 4.20. No statistical analysis was carried out at 
24 hours for the steady and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted 
previously due to the detachment of all cells from the slides. 
 
A one-way ANOVA determined that there was a statistically significant effect on gene 
expression dCt values for aggrecanase 1 at the p < 0.05 level between the three 
shear stress conditions 0.1, 1.0 and 4.0 dyne/cm2 after 1 hour for control, [F (2, 9) = 
5.600, p = 0.026]. Post-hoc Tukey HSD showed a significant difference between 1.0 
dyne/cm2 and 4.0 dyne/cm2 (p = 0.023), no significant difference between 0.1 
dyne/cm2 and 1.0 dyne/cm2 (p = 0.126), and no significance between 0.1 dyne/cm2 
and 4.0 dyne/cm2 (p = 0.543).  No statistically significant difference was seen after 1 
hour for steady flow, [F (2, 9) = 2.363, p = 0.150]. No statistically significant 
difference was seen after 1 hour for pulsed flow [F (2, 9) = 0.874, p = 0.450].  
 
A one-way ANOVA determined that there was a statistically significant effect on gene 
expression dCt values for aggrecanase 1 at the p < 0.05 level between the three 
shear stress conditions 0.1, 1.0 and 4.0 dyne/cm2 after 4 hours for control, [F (2, 6) = 
8.068, p = 0.010]. Post-hoc tests using Tukey HSD showed that there was a 
significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.019), a 
significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.016), and no 
significant difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.989). A 
statistically significant difference was seen after 4 hours for steady flow, [F (2, 9) = 
10.601, p = 0.004]. Post-hoc tests using Tukey HSD showed there was a significant 
difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.003), no significant 
difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.074), and no significance 
difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.154).  A statistically 
significant difference was seen after 4 hours for pulsed flow, [F (2, 6) = 40.403, p < 
0.001]. Post-hoc tests using Tukey HSD showed that there was a significant 
difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p < 0.001), a significant 
difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.008), and a significant 
difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.002). 
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A one-way ANOVA determined that there was no statistically significant effect on 
gene expression dCt values for aggrecanase 1 at the p < 0.05 level between the 
three shear stress conditions 0.1, 1.0 and 4.0 dyne/cm2 after 8 hours for control, [F 
(2, 9) = 1.758, p = 0.227]. A statistically significant differences was seen after 8 hours 
steady flow, [F (2, 9) = 7.721, p = 0.011]. Post-hoc tests using Tukey HSD showed 
there was a significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 
0.010). no significant difference was seen between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p 
= 0.072) and no significant difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 
0.428). No statistically significant differences were seen after 8 hours for pulsed flow, 
[F (2, 9) = 2.286, p = 0.157].  
 
After 24 hours the control flow group only was analysed as all cells had detached 
from the Ibidi VI0.4 slides for 1.0 dyne/cm2 and 4.0 dyne/cm2 for steady and pulsed 
flow groups. There was no statistically significant difference shown between the 
shear stress rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 
dyne/cm2 at the p < 0.05 level, [F (2, 9) = 1.500, p = 0.274].  
 
4.8.4 Effect of duration of flow on GE of aggrecanase 1 
One-way ANOVAs were used to analyse the effect of the duration of time cells were 
exposed to shear stress; 1, 4, 8 and 24 hours, on gene expression of aggrecanase 1. 
Results and statistically significant findings are shown in figure 21. No statistical 
analysis was carried out at 24 hours for the steady and pulsed groups at 1.0 and 4.0 
dyne/cm2 as noted previously due to the detachment of all cells from the slides. 
 
For the control group at 0.1 dyne/cm2 there was no statistically significant result at 
the p < 0.05 level, [F (3, 12) = 3.409, p = 0.053]. No statistically significant difference 
was seen between time intervals for the steady group at 0.1 dyne/cm2, [F (3, 12) = 
3.444, p = 0.052). No statistically significant difference was seen between time 
intervals for the pulsed group at 0.1 dyne/cm2, [F (3, 12) = 3.219, p = 0.061].  
 
No statistically significant difference was seen between time intervals for the control 
group at 1.0 dyne/cm2, [F (3, 12) = 0.954, p = 0.446]. For the steady group at 1.0 
dyne/cm2 no statistically significant difference was seen between time intervals, [F (2, 
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11) = 1.666, p = 0.242]. For the pulsed group a statistically significant difference was 
seen between time intervals at 1.0 dyne/cm2, [F (2, 11) = 11.442, p = 0.003]. Post-
hoc Tukey HSD showed a significant difference after 4 hours flow compared with 1 
hour flow (p = 0.005), a significant difference was seen between 4 hours and 8 hours 
(p = 0.008), no significant difference was seen between 8 hour and 1 hours (p = 
0.965). 
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Figure 4.20 Gene expression of aggrecanase 1 in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear 
stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady flow and 
pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based on 4 technical 
replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way 
ANOVA with post-hoc Tukey HSD comparing shear stress conditions 0.1 vs 1.0 vs 4.0 dyne/cm2 flow for each of the time 
conditions and flow types. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide 
following flow experiments, due to detachment of cells from slide. 
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No statistically significant difference was seen between time intervals for the control 
group at 4.0 dyne/cm2, [F (3, 12) = 2.498, p = 0.109]. For the steady group at 4.0 
dyne/cm2 a statistically significant difference was seen between time intervals for the 
steady group, [F (2, 11) = 16.119, p = 0.001]. Post-hoc Tukey HSD showed a 
significant difference after 4 hours flow compared with 1 hour flow (p = 0.001), no 
significant difference was seen between 8 hour and 1 hours (p = 0.154) and no 
significant difference was seen between 4 hours and 8 hours (p = 0.290). A 
statistically significant difference was seen between time intervals for the pulsed 
group at 4.0 dyne/cm2, [F (2, 11) = 5.359, p = 0.029]. Post-hoc Tukey HSD showed a 
significant difference after 4 hours flow compared with 8 hours flow (p = 0.025), no 
significant difference was seen between 8 hour and 1 hours (p = 0.519) and no 
significant difference was seen between 4 hours and 1 hours (p = 0.146) 
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Figure 4.21 Gene expression of aggrecanase 1 in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear 
stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady flow and 
pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based on 4 technical 
replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way 
ANOVA with post-hoc Tukey HSD comparing results after 1, 4, 8 and 24 hours, for each of the shear flow conditions and flow 
groups. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide following flow 
experiments, due to detachment of cells from slide. 
 
p = 0.008 
p = 0.005 
p = 0.001 
p = 0.025 
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4.9 Aggrecanase 2 
4.9.1 Descriptive statistics 
   
  Control Steady Pulsed 
Shear Stress 
(dyne/cm2) 
Time 
(hours) 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
Mean Standard 
Deviation 
0.1 1 0.67 0.81 1.45 0.46 0.25 0.94 
 4 5.92 0.87 2.48 0.49 4.91 0.78 
 8 2.69 1.50 2.00 1.15 -1.53 1.04 
 24 0.08 0.08 4.96 0.81 -0.75 0.52 
1.0 1 0.33 1.01 -1.22 0.82 1.84 0.85 
 4 -1.06 2.06 1.61 1.48 1.09 0.80 
 8 1.28 1.25 0.43 1.33 -0.22 0.95 
 24 4.03 0.76 - - - - 
4.0 1 3.84 1.73 3.16 1.48 1.40 2.31 
 4 3.52 0.56 2.52 0.53 -0.07 0.62 
 8 0.85 1.70 0.36 1.61 -0.42 1.44 
 24 4.53 1.36 - - - - 
 
Table 4.8 Mean and standard deviation dCt values (normalized to GAPDH) for 
gene expression of aggrecanase 2 for all 3 independent variable, flow type 
(control, steady and pulsed), shear stress (01, 1.0 and 4.0 dyne/cm2) and time 
points (1, 4, 8 and 24 hours). 
 
4.9.2 Effect of flow type on GE of aggrecanase 2 
One-way ANOVAs were used to analyse the effect of flow types; no flow, steady flow 
and pulsed flow, on gene expression of aggrecanase 2. Results and statistically 
significant findings are shown in figure 4.22. No statistical analysis was carried out at 
24 hours for the steady and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted 
previously due to the detachment of all cells from the slides. 
 
There was no statistically significant effect of flow type on gene expression dCt 
values for aggrecanase 2 at the p < 0.05 level for the three flow conditions at 0.1 
dyne/cm2 after 1 hour flow, [F (2, 9) = 2.551, p = 0.133]. There was a statistically 
significant effect of flow type on gene expression dCt values for aggrecanase 2 at the 
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p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 after 4 hours flow, [F (2, 9) 
= 23.693, p < 0.001]. Post-hoc comparisons using Tukey HSD indicated that the 
mean score for the steady flow conditions was significantly different than the control 
(p < 0.001), and significantly different from the pulsed flow (p = 0.003), but the pulsed 
flow did not significantly differ from the control (p = 0.171). There was a significant 
effect of flow type on gene expression dCt values for aggrecanase 2 at the p < 0.05 
level for the three flow conditions at 0.1 dyne/cm2 after 8 hours flow, [F (2, 9) = 
13.203, p = 0.002]. Post-hoc comparisons using Tukey HSD indicated that the mean 
score for the pulsed flow conditions was significantly different than the control (p = 
0.003), and the steady was significantly different from the pulsed flow (p = 0.008), but 
the steady flow did not significantly differ from the control (p = 0.724). There was a 
statistically significant effect of flow type on gene expression dCt values for 
aggrecanase 2 at the p < 0.05 level for the three flow conditions at 0.1 dyne/cm2 after 
24 hours flow, [F (2, 9) = 121.101, p < 0.001]. Post-hoc comparisons using Tukey 
HSD indicated that the mean score for the steady flow conditions was significantly 
different than the control (p <0.001), and steady significantly different from the pulsed 
flow (p < 0.001), but the pulsed flow did not significantly differ from the control (p = 
0.142). 
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Figure 4.22 Gene expression of aggrecanase 2 in bovine nucleus pulposus cells relative to GAPDH and control (no 
flow) as determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow 
chamber at shear stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no 
flow), steady flow and pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are 
shown based on 4 technical replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level 
p < 0.05 are shown for one-way ANOVA with post-hoc Tukey HSD comparing control vs steady vs pulsed flow for each 
of the 12 test conditions. p value above or below error bar corresponds to Tukey HSD post-hoc test result between 
control and flow condition (steady or pulsed). p value above comparison bar corresponds to Tukey HSD post-hoc test 
result between steady vs pulsed flow. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on 
Ibidi VI0.4 slide following flow experiments, due to detachment of cells from slide. 
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There was a statistically significant effect of flow type on gene expression dCt values 
for aggrecanase 2 at the p < 0.05 level for the three flow conditions at 1.0 dyne/cm2 
after 1 hour flow, [F (2, 9) = 11.569, p = 0.003]. Post-hoc comparisons using Tukey 
HSD indicated that the mean score for the steady flow conditions was significantly 
different than the pulsed (p = 0.002), no significant difference was seen between the 
control and steady flow (p = 0.086) and the control and pulsed flow (p = 0.097).  
There was no statistically significant effect of flow type on gene expression dCt 
values for aggrecanase 2 at the p < 0.05 level for the three flow conditions at 1.0 
dyne/cm2 after 4 hours flow, [F (2, 9) = 3.401, p = 0.079]. There was no statistically 
significant effect of flow type on gene expression dCt values for aggrecanase 2 at the 
p < 0.05 level for the three flow conditions at 1.0 dyne/cm2 after 8 hours flow, [F (2, 9) 
= 1.598, p = 0.255].  
 
There was no statistically significant effect of flow type on gene expression dCt 
values for aggrecanase 2 at the p < 0.05 level for the three flow conditions at 4.0 
dyne/cm2 after 1 hour flow, [F (2, 9) = 0.217, p = 0.628]. There was a statistically 
significant effect of flow type on gene expression dCt values for aggrecanase 2 at the 
p < 0.05 level for the three flow conditions at 4.0 dyne/cm2 after 4 hours flow, [F (2, 9) 
= 42.086, p < 0.001]. Post-hoc comparisons using Tukey HSD indicated that the 
mean score for the pulsed flow conditions was significantly different than the control 
(p <0.001), and steady was significantly different from the pulsed flow (p < 0.001), but 
the steady flow did not significantly differ from the control (p = 0.080). There was no 
statistically significant effect of flow type on gene expression dCt values for 
aggrecanase 2 at the p < 0.05 level for the three flow conditions at 4.0 dyne/cm2 after 
8 hours flow, [F (2, 9) = 0.649, p = 0.545].  
 
4.9.3 Effect of shear stress rate on GE of aggrecanase 2  
One-way ANOVAs were used to analyse the effect of shear stress rates; 0.1, 1.0 and 
4.0 dyne/cm2, on gene expression of aggrecanase 2. Results and statistically 
significant findings are shown in figure 4.23. No statistical analysis was carried out at 
24 hours for the steady and pulsed groups at 1.0 and 4.0 dyne/cm2 as noted 
previously due to the detachment of all cells from the slides. 
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There was a statistically significant effect on gene expression dCt values for 
aggrecanase 2 at the p < 0.05 level between the three shear stress conditions 0.1, 
1.0 and 4.0 dyne/cm2 after 1 hour for control, [F (2, 9) = 9.628, p = 0.006]. Post-hoc 
tests using Tukey HSD showed there was a significant difference between 0.1 
dyne/cm2 and 4.0 dyne/cm2 (p = 0.014) and between 1.0 dyne/cm2 and 4.0 dyne/cm2 
(p = 0.008) and no significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p 
= 0.922). A statistically significant difference was seen after 1 hour for steady flow, [F 
(2, 9) = 19.012, p = 0.001]. Post-hoc tests using Tukey HSD showed there was a 
difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p = 0.012), a significant 
difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p < 0.001), no significant 
difference was seen between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.094). No 
statistically significant difference was seen after 1 hour for pulsed flow, [F (2, 9) = 
1.163, p = 0.355].  
 
A one-way ANOVA determined that there was a statistically significant effect on gene 
expression dCt values for aggrecanase 2 at the p < 0.05 level between the three 
shear stress conditions 0.1, 1.0 and 4.0 dyne/cm2 after 4 hours for control, [F (2, 9) = 
28.409, p < 0.001]. Post-hoc tests using Tukey HSD showed there was a significant 
difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p < 0.001) and between 1.0 
dyne/cm2 and 4.0 dyne/cm2 (p = 0.002), no statistically significant difference was 
seen between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p = 0.073). No statistically significant 
difference was seen after 4 hours for steady flow, [F (2, 9) = 1.155, p = 0.358]. A 
statistically significant difference was seen after 4 hours for pulsed flow, [F (2, 9) = 
50.066, p < 0.001]. Post-hoc tests using Tukey HSD showed that there was a 
significant difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p < 0.001), and a 
significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p < 0.001), and no 
significant difference between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.117). 
 
A one-way ANOVA determined that there was no statistically significant effect on 
gene expression dCt values for aggrecanase 2 at the p < 0.05 level between the 
three shear stress conditions 0.1, 1.0 and 4.0 dyne/cm2 after 8 hours for control, [F 
(2, 9) = 1.659, p = 0.244]. No statistically significant differences were seen after 8 
hours steady flow [F (2, 9) = 1.824, p = 0.216]. No statistically significant differences 
were seen after 8 hours for pulsed flow, [F (2, 9) = 1.482, p = 0.278].  
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After 24 hours the control flow group only was analysed as all cells had detached 
from the Ibidi VI0.4 slides for 1.0 dyne/cm2 and 4.0 dyne/cm2 for steady and pulsed 
flow groups. There was a statistically significant difference between the shear stress 
rates for the control group; 0.1 dyne/cm2, 1.0 dyne/cm2 and 4.0 dyne/cm2 at the p < 
0.05 level, [F (2, 9) = 29.453, p < 0.001]. Post-hoc tests using Tukey HSD showed 
that there was a difference between 0.1 dyne/cm2 and 1.0 dyne/cm2 (p < 0.001), and 
statistically significant difference between 0.1 dyne/cm2 and 4.0 dyne/cm2 (p < 
0.001), and no significance between 1.0 dyne/cm2 and 4.0 dyne/cm2 (p = 0.724). 
168 
 
 
Figure 4.23 Gene expression of aggrecanase 2 in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear 
stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady flow and 
pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based on 4 technical 
replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way 
ANOVA with post-hoc Tukey HSD comparing shear stress conditions 0.1 vs 1.0 vs 4.0 dyne/cm2 flow for each of the time 
conditions and flow types. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide 
following flow experiments, due to detachment of cells from slide. 
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4.9.4 Effect of duration of flow on GE of aggrecanase 2 
One-way ANOVAs were used to analyse the effect of the duration of time cells were 
exposed to shear stress; 1, 4, 8 and 24 hours, on gene expression of aggrecanase 2. 
Results and statistically significant findings are shown in figure 4.24. No statistical 
analysis was carried out at 24 hours for the steady and pulsed groups at 1.0 and 4.0 
dyne/cm2 as noted previously due to the detachment of all cells from the slides. 
 
For the control group at 0.1 dyne/cm2 there were statistically significant results at the 
p < 0.05 level, [F (3, 12) = 30.427, p < 0.001]. Post-hoc Tukey HSD shows a 
significant difference after 4 hours compared to 1 hour (p < 0.001) and a significant 
difference between 1 hour and 8 hours (p = 0.049), and a significant difference 
between 4 hours and 8 hours (p = 0.002) and between 8 hours and 24 hours (p = 
0.011) and between 4 hours and 24 hours (p < 0.001). No significant difference was 
seen between 1 hour and 24 hours (p = 0.819). A statistically significant difference 
was seen between time intervals for the steady group at 0.1 dyne/cm2, [F (3, 12) = 
15.779 p < 0.001). Post-hoc Tukey HSD showed a significant difference after 24 
hours compared to 1 hour (p < 0.001) and a significant difference was seen between 
4 hours and 24 hours (p = 0.004), and between 8 hours and 24 hours (p = 0.001). No 
significant difference was seen between 1 hour and 4 hours (p = 0.292) or between 1 
hours and 8 hours (p = 0.754) or between 4 hours and 8 hours (p = 0.821). A 
statistically significant difference was seen between time intervals for the pulsed 
group at 0.1 dyne/cm2, [F (3, 12) = 46.763, p < 0.001].  Post-hoc Tukey HSD showed 
a significant difference after 4 hours compared to 1 hour (p < 0.001) and a significant 
difference between 8 hours and 1 hour (p = 0.049), and between 4 hours and 24 
hours (p < 0.001) and between 4 hours compared to 8 hours (p < 0.001). No 
significant difference was seen between 1 hour and 24 hours (p = 0.375) or between 
8 hours and 24 hours (p = 0.578).  
 
A statistically significant difference was seen between time intervals for the control 
group at 1.0 dyne/cm2, [F (3, 12) = 9.989, p = 0.001]. Post-hoc Tukey HSD showed a 
significant difference after 24 hours compared to 1 hour (p = 0.011) and a significant 
difference between 4 hours and 24 hours (p = 0.001). No significant difference was 
seen between 8 hours and 24 hours (p = 0.060), or between 1 hour and 4 hours (p = 
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0.495) or between 1 hours and 8 hours (p = 0.763) or between 4 hours and 8 hours 
(p = 0.124). For the steady group at 1.0 dyne/cm2 a statistically significant difference 
was seen between time intervals [F (2, 11) = 5.233, p = 0.031]. Post-hoc Tukey HSD 
showed a significant difference after 4 hours flow compared with 1 hour flow (p = 
0.026), no significant difference was seen between 8 hour and 1 hours (p = 0.200) 
and no significant difference was seen between 4 hours and 8 hours (p = 0.409).  For 
the pulsed group a statistically significant difference was seen between time intervals 
at 1.0 dyne/cm2, [F (2, 11) = 5.759, p = 0.025]. Post-hoc Tukey HSD showed a 
significant difference after 8 hours flow compared with 1 hour flow (p = 0.021), no 
significant difference was seen between 4 hour and 1 hours (p = 0.478) and no 
significant difference was seen between 4 hours and 8 hours (p = 0.136).   
 
A statistically significant difference was seen between time intervals for the control 
group at 4.0 dyne/cm2, [F (3, 12) = 5.182, p = 0.016]. Post-hoc Tukey HSD showed 
significant differences after 24 hours compared to 8 hour (p = 0.015) and significant 
differences were seen between 1 hour and 8 hours (p = 0.049), and no significant 
differences were seen between 1 hours and 4 hours (p = 0.988), no significant 
differences between 1 hour and 24 hours (p = 0.900) or between 4 hours and 8 hours 
(p = 0.084) or between 4 hours and 24 hours (p = 0.750). For the steady group at 4.0 
dyne/cm2 a statistically significant difference was seen between time intervals for the 
steady group [F (2, 11) = 5.119, p = 0.033]. Post-hoc Tukey HSD showed a 
significant difference after 8 hours flow compared with 1 hour flow (p = 0.033), no 
significant difference was seen between 4 hour and 1 hours (p = 0.772) and no 
significant difference was seen between 4 hours and 8 hours (p = 0.098).  No 
statistically significant difference was seen between time intervals for the pulsed 
group at 4.0 dyne/cm2, [F (2, 11) = 1.428, p = 0.289].  
171 
 
Figure 4.24 Gene expression of aggrecanase 2 in bovine nucleus pulposus cells relative to GAPDH and control (no flow) as 
determined by qRT-PCR following 12 test conditions: 1, 4, 8 and 24-hour flow experiments in Ibidi VI0.4 flow chamber at shear 
stress conditions of 0.1, 1.0 and 4.0 dyne/cm2.  Results are shown for three flow types; control (no flow), steady flow and 
pulsed flow. Control is shown at y-axis = 1. Means and 95 % confidence interval error bars are shown based on 4 technical 
replicates and sample size (n) of 4 bovine subjects. Statistically significant results at level p < 0.05 are shown for one-way 
ANOVA with post-hoc Tukey HSD comparing results after 1, 4, 8 and 24 hours, for each of the shear flow conditions and flow 
groups. No results shown for 1.0 and 4.0 dyne/cm2 after 24 hours as no cells present on Ibidi VI0.4 slide following flow 
experiments, due to detachment of cells from slide. 
 
p = 0.026 
p = 0.021 p = 0.033 
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Chapter 5. Discussion and Limitations 
 
5.1 Does shear stress affect bovine nucleus pulposus morphology? 
Figures 4.1, 4.4 and 4.7 demonstrate that respectively, cell number, focal adhesion 
number and cell circularity are all affected by shear stress in bovine NP cells when 
exposed to some of the shear stress conditions in this research study.  Cell number 
was shown to increase after 4 hours flow at 0.1 dyne/cm2 for steady flow compared 
to no flow and decrease after 4 hours and 8 hours at 1 dyne/cm2 and 4 dyne/cm2 for 
steady and pulsed flow compared to no flow. Focal adhesion number decreased after 
24 hours in steady flow at 0.1 dyne/cm2 compared to control and decreased after 4 
and 8 hours in steady and pulsed flow after 1.0 dyne/cm2 compared to control and in 
4.0 dyne/cm2 focal adhesions were found to decrease after 1, 4 and 8 hours in 
steady and pulsed flow. Cell circularity was shown to decrease after 8 hours in 
steady flow at 0.1 dyne/cm2 and increase after 8 hours at 1 dyne/cm2 for steady and 
pulsed flow and increase after 4 hours and 8 hours at 4.0 dyne/cm2 for steady and 
pulsed flow. 
 
These findings appear to show that shear stress can have an anabolic and catabolic 
effect on cell morphology. The effect after 4 hours flow at 0.1 dyne/cm2 of an 
increase in cell number indicates shear stress at the lower rates could be beneficial 
in promoting cell proliferation. Similar findings have been shown in studies on 
osteoblasts but at a shear stress rate of 12 dyne/cm2 (Ding et al., 2018). However, at 
the higher shear stress rates of 1.0 and 4.0 dyne/cm2 the cell number was shown to 
be lower than that for the control, which indicates either detachment of the cells from 
the slides or a reduction in the rate of proliferation. A previous study of shear stress 
35 dyne/cm2 on chondrocytes showed cell proliferation (Malaviya and Nerem, 2002), 
so the bovine NP cells used here appear to show a greater sensitivity to shear flow 
than chondrocytes. As the cell number dropped below that seen for the previous time 
period, it may be most likely that the decreased cell number was due mainly to cell 
detachment from the slide, not just a decreased rate of proliferation. This has been 
shown in the study of cancer cells, where detachment was shown to begin at higher 
shear stresses of 20-50 dyne/cm2 (Couzon et al., 2009). For cells which lie within an 
extra-cellular matrix (ECM), such as nucleus pulposus cells, attachment to the cell 
173 
 
surface is an inherent property essential for mechanotransduction interaction with the 
surroundings to maintain a healthy ECM. The focal adhesions are an integral part of 
mechanotransduction their number was shown to decrease in focal adhesions per 
cell in all shear stress rates; after 24hours in 0.1 dyne/cm2, after 4 and 8 hours at 1.0 
dyne/cm2 and 1, 4 and 8 hours at 4.0 dyne/cm2. Changes in focal adhesion number 
have been associated with cell remodeling as focal adhesions are broken down and 
rebuilt in the stream of flow. Studies have shown that when the shear stress is above 
the strength of the focal adhesion connection then the focal adhesion will breakdown 
(Biton and Safran, 2010, Verma et al., 2015). The decrease in number in these 
studies show that all the shear stress rates chosen have a catabolic effect on nucleus 
pulposus cells, for 0.1 dyne/cm2 this happened only at the 24 hour duration, for 1.0 
dyne/cm2 this happened at 4 and 8 hours and in 4.0 dyne/cm2 this happened at 1, 4 
and 8 hours. No cells were left attached at 24 hours in 1.0 and 4.0 dyne/cm2. In other 
studies shear stress levels have been shown to increase focal adhesion activity (Li et 
al., 1997), but this research only analysed focal adhesion number so cannot 
comment on the activity of the FA, this would be an interesting area of future 
research. The decrease in cell circularity at 8 hours of 0.1 dyne/cm2 is indicative of 
the cell becoming more elongated as it adheres more strongly to the surface of the 
Ibidi VI0.4 slide, this has been shown in studies on osteoblasts (Liu et al., 2010)  and 
endothelial cells (Schilling et al., 1992). The increase in cell circularity after 8 hours in 
1.0 dyne/cm2 and 4 and 8 hours in 4.0 dyne/cm2 is indicative of cells becoming more 
circular and losing their adherence to the slide surface. No cells were present at 24 
hours 1.0 dyne/cm2 and 4.0 dyne/cm2 the obvious reason being detachment from the 
slide which would fit with the increased cell circularity at the short duration in these 
two shear stress rates. 
 
5.1.1 Does the type of flow have an effect on cell morphology? 
In-vivo, steady flow could be implicated in flow into the disc through diurnal changes 
and pulsed flow could be more indicative of changes caused by frequent intradiscal 
pressure changes, for example when walking or running. Analysing the effect of 
steady flow compared to pulsed flow could give a greater understanding of the 
response of nucleus pulposus cells to these types of flow changes. Cell number was 
seen to differ for flow type after 1 hours at 4.0 dyne/cm2. Pulsed flow showed a 
significant decrease compared to steady flow, see figure 4.1. The focal adhesion 
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number was seen to differ for flow type after 8 hours in 1.0 dyne/cm2 with the focal 
adhesions in the pulsed flow being significantly less than that for steady flow. Cell 
circularity was also shown to differ significantly after 8 hours at 1.0 dyne/cm2 with 
pulsed flow showing slightly significantly higher cell circularity values to steady flow.  
   
The decrease in cell number after 1 hour at 4.0 dyne/cm2 pulsed flow could be 
indicative of the oscillating acceleration and deceleration in the flow having a greater 
effect on cell detachment than a steady flow. Oscillatory shear stress has been 
shown to induce an inflammatory response in endothelial cells (Dabagh et al., 2017). 
Differences in flow type were not seen after a greater duration which could be 
explained by the cells requiring a longer duration to become detached in the steady 
flow, but once detachment begins to occur then it occurs at the same rate in steady 
and pulsed flow. The reduction in focal adhesion number in pulsed flow compared to 
steady flow, could again be an indication of the pulsed flow having a greater effect on 
the breakdown of focal adhesions and subsequent detachment of cells from the 
surface of the slide. The increase in cell circularity after 8 hours at 1.0 dyne/cm2 is 
indicative of a greater roundness of the cell, which is a sign of detachment from the 
Ibidi slide. The fact that this occurs at the same condition as focal adhesion number 
decreased in the pulsed flow and not in the steady flow, could be linked in that a 
reduction in focal adhesion attachment to the Ibidi Slide is seen at the same time that 
the cell becomes more round. This has been seen in several other studies on other 
types of cells, and is not particularly remarkable as it is expected, however what may 
be of interest is why this happens only in pulsed flow at this condition and not in 
steady flow and why these changes are not seen together at any other condition.  
 
5.1.2 Does the rate of shear stress have an effect on cell morphology? 
Significant decreases in cell number was seen for steady flow and pulsed low after 4 
hours from 0.1 vs 1.0 dyne/cm2 and from 1.0 to 4.0 dyne/cm2 and from 0.1 to 4.0 
dyne/cm2. These changes were also seen after 8 hours and to a greater statistical 
significance. These changes were not seen in the control group which was not 
exposed to flow. Significant decreases in focal adhesion numbers were seen for both 
steady and pulsed flow at 4 hours from 0.1 to 4.0 dyne/cm2 and from 1.0 to 4.0 
dyne/cm2 and at 8 hours from 0.1 to 1.0 dyne/cm2, 1.0 to 4.0 dyne/cm2 and from 0.1 
to 4.0 dyne/cm2. In addition, significant decreases in focal adhesion number were 
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seen after 1 hour from 0.1 to 4.0 dyne/cm2 in pulsed flow which was not seen in 
steady flow. Cell circularity increased significantly after 4 hours from 0.1 to 4.0 
dyne/cm2 shear stress in steady flow, not other changes were seen at 4 hours. After 
8 hours flow significant increases in circularity were seen from 0.1 to 1.0 dyne/cm2 
and from 0.1 to 4.0 dyne/cm2 in both steady and pulsed flow.  
 
The decrease in cell number as the shear stress rate increases is an indication of 
increased cell detachment as the shear stress rate increases. The decreases in focal 
adhesion number as the shear stress rate increased demonstrates that the shear 
stress rate does effect cell morphology and a higher shear stress rate leads to 
greater detachment of focal adhesions. Increases in cell circularity with increasing 
shear stress rates demonstrate cell detachment increasing as the cell becomes less 
adhered and spread out across the surface and more round in appearance.  
 
5.1.3 Does the duration of flow have an effect on cell morphology? 
Cell number significantly increased in the control groups for all 3 shear stress rates 
from 1 hour to 24 hours. Increases in cell number were also seen from 1 hour to 8 
hours and from 4 hours to 24 hours and from 8 hours to 24 hours in the 0.1 dyne/cm2 
control group. Increases were seen from 1 hour to 4 hours, from 4 hours to 24 hours 
and from 8 hours to 24 hours in the 1.0 dyne/cm2 control group. Increases were also 
seen from 4 hours to 24 hours and from 8 hours to 24 hours in the 4.0 dyne/cm2 
control group. Cell number for the steady flow groups significantly increased from 1 
hour to 4 hours and 1 hour to 24 hours and from 4 hours to 24 hours and 8 hours to 
24 hours at 0.1 dyne/cm2 and decreased significantly from 1 hour to 8 hours and 4 
hours to 8 hours until all cells had detached after 24 hours at the 1.0 dyne/cm2 shear 
stress rate and decreased from 1 hour to 4 hours and from 1 hour to 8 hours and 
from 4 hours to 8 hours at the 4.0 dyne/cm2 shear stress rate. Cell number for pulsed 
flow increased significantly from 1 hour to 24 hours and from 4 hours to 24 hours and 
from 8 hours to 24 hours at 0.1 dyne/cm2 shear stress rate and decreased 
significantly from 1 hour to 4 hours and from 1 hour to 8 hours and from 4 hours to 8 
hours until all cells had detached after 24 hours at the 1.0 dyne/cm2 shear stress rate 
and cell number decreased from 1 hour to 4 hours, from 1 hour to 8 hours and from 4 
hour to 8 hours until all cells had detached at 24 hours at the 4.0 dyne/cm2 shear 
stress rate.  
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Focal adhesion number for the 3 control groups showed the same trends for the 
control groups for 1.0 and 4.0 dyne/cm2 with an increase from 1 hour to 4 hours, 8 
hours and 24 hours. However, there were no significant changes in the control group 
for 0.1 dyne/cm2, which is confusing. It can be seen that the confidence interval for 1 
hour at 0.1 dyne/cm2 is relatively large, this could affect the relative comparison of 
the 4, 8 and 24 hour groups. A larger sample size would help to give more reliability 
to the results gained. The steady flow groups showed no significant differences in 
focal adhesion number over time points. The pulsed group showed significant 
increase in focal adhesion number from 1 hour to 24 hours in the 0.1 dyne/cm2 
group, however, although this change was not seen in the control for the 0.1 
dyne/cm2 group it was seen in the control groups for the 1.0 dyne/cm2 and the 4.0 
dyne/cm2 groups, so caution must be used when drawing conclusions from these 
results. An increase in focal adhesion number was also seen from 1 hour to 4 hours 
in the pulsed 1.0 dyne/cm2 group and then a significant decrease from 4 hours to 8 
hours.  
 
Only one significant change in cell circularity was seen in the control groups which 
was a slightly significant decrease in cell circularity from 4 hours to 8 hours in the 4.0 
dyne/cm2 however this was not seen in the other two control groups, so caution must 
be taking in drawing any conclusions surrounding this finding, no significant changes 
were seen in the other control groups or over any of the other time points. At 1.0 
dyne/cm2 there was only significant changes seen in pulsed flow with significant 
increases seen from 1 hour to 4 hours and from 1 hour to 8 hours. At 4.0 dyne/cm2 
changes were seen in both steady and pulsed flow. Steady flow showed significant 
increases from 1 hour to 4 hours, 1 hour to 8 hours and 4 hours to 8 hours. Pulsed 
flow showed increases in circularity from 1 hour to 4 hours and 1 hour to 8 hours.  
 
The increase in cell number in the three control groups, which were not exposed to 
flow, is expected as the cells would be expected to proliferate exponentially over a 24 
hour period until they were confluent at which point proliferation would reduce in rate. 
The control groups were exposed to the exactly the same conditions and no flow. 
Therefore, any differences between the groups, for example the increase in cell 
number from 1 hour to hours in the 0.1 dyne/cm2 group which was not seen in the 1.0 
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and 4.0 dyne/cm2 groups, and the increase from 1 hour to 4 hour in the 1.0 dyne/cm2 
which was not seen in the 0.1 and 4.0 dyne/cm2. These differences were not as an 
effect of any conditional change and gives some indication of the differences that 
could be present due to differences in biological samples. This lack of consistency in 
results between control groups could be improved with a greater sample size and is 
discussed further in the limitations section of this chapter.  Significant increases in 
cell number in the steady flow group at 0.1 dyne/cm2 were also seen in the control 
groups so could be assumed not have been affected by the shear stress. The 
decreases in cell number in the steady flow group are indicative of the detachment of 
cells from the Ibidi Slide VI0.4 surface which becomes more pronounced with 
increased duration of shear flow, the effects seen at 1.0 dyne/cm2 were more 
pronounced at 4.0 dyne/cm2. These same decreases in cell number were seen in the 
pulsed flow group and again became more pronounced as the shear stress rate 
increased.  
 
The results for focal adhesion number are inconclusive, it would be expected that the 
control groups for each shear stress rate would show the same trends, but the 0.1 
dyne/cm2 group did not, the large confidence interval is most likely the cause of this 
and an increase in sample number may have helped give more conclusive results. 
Based on the two control groups from 1.0 and 4.0 dyne/cm2, focal adhesion number 
appears to increase in the control groups, this would be expected as the cells further 
adhere to the slide and lay down more focal adhesions over a 24 hour period. The 
lack of this increase in focal adhesions per cell in the steady flow groups for all three 
shear stress rates could then be seen as a decrease in the rate of focal adhesion 
formation in comparison to the control groups. The increase in focal adhesions in the 
pulsed flow at 0.1 dyne/cm2 was seen in the control groups for 1 dyne and 4.0 
dyne/cm2 so caution should be taken in concluding that this could be a difference to 
the control group. The increase in pulsed flow at 1.0 dyne/cm2 and then subsequent 
decrease in focal adhesions per cell could an indication of the time at which focal 
adhesion number increases but the increase at 4 hours was still reduced compared 
to the control at 4 hours, so although it was an increase from 1hour it was still not an 
overall increase in focal adhesion number. 
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The increases in cell circularity seen in pulsed flow at 1.0 dyne/cm2 show that the 
longer the cells are exposed to shear stress the ore circular they become, and this 
effect is seen at lower shear stress rates in pulsed flow than in steady flow, whereby 
significant changes were not seen until 4.0 dyne/cm2. This could be due to the 
pulsatile motion having a greater effect on the detachment of cells from the slide so 
an increase in cell circularity.  
 
5.1.4 Implications for researchers  
Key findings that would be useful to the body of knowledge surrounding NP cells 
response to flow is that the NP cells used in this study respond to shear stress at 
relatively low shear stress rate. Shear stress rates cited in studies for IVD cells of 1 
and 10 dyne/cm2 (Chou et al., 2016) and 1 dyne/cm2 (Wang et al., 2011) and for 
other cell types shear stress rates of 20-50 dyne/cm2 and 35 dyne/cm2 (Malaviya and 
Nerem, 2002) are relatively high for shear stress values that may be most beneficial 
for NP cells. Increases in cell proliferation were seen at 0.1 dyne/cm2 in a steady 
flow, but not in a pulsed flow. Therefore, for increased cell growth in bioreactors a 
shear stress rate of not more than 0.1 dyne/cm2 is recommended. Shear stress rates 
of 1.0 dyne/cm2 and 4.0 dyne/cm2 could have detrimental effects on cell proliferation. 
Durations on flow at 1.0 and 4.0 dyne/cm2 had a cumulatively detrimental effect on 
cell proliferation and focal adhesion number, so if increased shear stress rates were 
required for periods of time in a bioreactor, reducing the duration to a minimum would 
be advisable. Significant increases in cell circularity occurred at 1.0 dyne/cm2 and 4.0 
dyne/cm2 after 8 hours and could be a precursor to cell detachment or decreases in 
proliferation so if imaging was available during bioreactor cell growth then cell 
circularity could be used as an indication of cell health during the time in situ. 
 
5.2 Does shear stress affect bovine nucleus pulposus gene expression? 
Significant upregulation was seen for collagen 1 gene expression after 8 hours and 
24 hours at 0.1 dyne/cm2 pulsed flow compared and for steady and pulsed flow after 
4 hours at 1.0 dyne/cm2 and downregulation was seen after 1 hour and 4 hours in 
pulsed flow at 4.0 dyne/cm2. Significant downregulation of collagen 2 was seen after 
1 hour exposed to 0.1 dyne/cm2 in pulsed flow and upregulation after 4 hours in 
steady flow at 0.1 dyne/cm2. At 1.0 dyne/cm2 collagen 2 was significantly 
downregulated after 8 hours in steady flow and downregulated at all time points, 1, 4 
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and 8 hours at 1.0 dyne/cm2 in pulsed flow and then significantly downregulated in 
steady and pulsed flow after 1 hour exposure to 4.0 dyne/cm2 shear stress. 
Aggrecanase 1 was significantly upregulated after 4 hours exposure to 0.1 dyne/cm2 
steady flow and then downregulated after 8 hours exposure. At 1.0 dyne/cm2 
exposure to steady and pulsed flow aggrecanase 1 was significantly downregulated 
after 4 hours. Aggrecanase 2 was significantly upregulated when exposed to steady 
flow for 4 hours and pulsed flow for 8 hours. Aggrecanase 2 was also upregulated 
when exposed to pulsed flow at 4.0 dyne/cm2 for 4 hours. Aggrecan was upregulated 
when exposed to pulsed flow at 0.1 dyne/cm2 for 4 hours and downregulated when 
exposed to pulsed flow at 1.0 dyne/cm for 8 hours. When exposed to 4.0 dyne/cm2 
aggrecan was significantly downregulated in pulsed and steady flow after 1 hour and 
in pulsed flow after 8 hours. 
  
Upregulation of collagen 1 was generally seen at the lowest two flow rates and down 
regulation at the higher flow rate when compared to no flow. Only significant down 
regulation of collagen 2 was seen in flow, healthy nucleus pulposus cells produce 
more collagen 2 than collagen 1 (Bogduk, 2011), so this finding is not in keeping with 
the literature. One explanation for this could be the growth of nucleus pulposus cells 
as a monolayer rather than in a 3-D matrix where they could maintain their spherical 
shape. Nucleus pulposus cells are classified as chondrite-like, in-vivo nucleus 
pulposus cells synthesize more collagen II than collagen I. However, chondrocyte 
cells grown in a monolayer have been shown to synthesize more collagen I than 
collagen II (Tekari et al., 2014) and further studies showed that annulus fibrosus disc 
cells synthesized collagen I and II only when grown in 3D culture and not in a 
monolayer (Gruber and Hanley, 2000). The downregulation of collagen II compared 
to collagen I may be due to the growth of these nucleus pulposus cells in a 
monolayer and further flow studies in a 3D environment would be beneficial in further 
determining the role of fluid flow on cells in-vivo. 
 
5.2.1 Does the type of flow have an effect on cell gene expression? 
A highly significant difference was shown between steady and pulsed flow at 0.1 
dyne/cm2 after 1 hour with cells exposed to steady flow showing down regulation of 
collagen 1 and cells exposed to pulsed flow showing upregulation of collagen 1. The 
same difference was seen after 4 hours, but this difference was only moderately 
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significant. At 24 hours both steady and pulsed flow were upregulated, but pulsed 
flow was upregulated significantly more than steady flow. At 1.0 dyne/cm2 there was 
a significant difference between steady flow and pulsed flow after 1 hour, collagen 1 
was upregulated in steady flow and downregulated in pulsed flow. A significant 
difference was seen in collagen 2 gene expression between steady and pulsed flow 
after 1 hour at 0.1 dyne/cm2, upregulation was seen in steady flow and 
downregulation in pulsed flow. The same difference was seen at 1.0 dyne/cm2 after 1 
hour. The only difference between flow type was seen in aggrecanase 1 gene 
expression was after 8 hours in 4.0 dyne/cm2 shear stress, upregulation was seen in 
steady flow and downregulation in pulsed flow. Significant changes were seen 
between steady and pulsed flow at after exposure to 0.1 dyne/cm, upregulation of 
aggrecanase 2 was seen at both time points, and higher levels of upregulation were 
seen in steady flow at 4 hours and in pulsed flow at 8 hours. After 24 hours exposure 
to 0.1 dyne/cm2 significant changes in flow type were seen with down regulation in 
steady flow and upregulation in pulsed flow. After 1 hour exposure to 1.0 dyne/cm2 
significant differences were seen in flow type with upregulation seen in pulsed flow 
and downregulation seen in steady flow. 4 hours exposure to 4.0 dyne/cm2 flow again 
showed a significant difference in flow type for gene expression of aggrecanase 2, 
both steady and pulsed flow caused upregulation, but there was a significant 
increase in pulsed flow over steady flow. Significance differences in flow type were 
shown under two conditions for the gene expression of aggrecan. These conditions 
were after 8 hours exposure to 1.0 dyne/cm2 and 4.0 dyne/cm2, both steady and 
pulsed flow showed downregulation of aggrecan, but with an increase in 
downregulation in pulsed flow compared to steady flow in both conditions. 
  
5.2.2 Does the rate of shear stress have an effect on cell gene expression? 
The rate of shear stress does appear to have had an effect on the gene expression 
of bovine nucleus pulposus cells. In steady flow Collagen 1 was downregulated at 0.1 
dyne/cm2 after 1 hour exposure and then the was a significant difference in 
upregulation of collagen 1 at 1.0 dyne/cm2 and then further downregulation at 4.0 
dyne/cm2 which again was a significant difference. A significant difference between 
collagen 1 expression in steady flow after 8 hours exposure was also seen between 
0.1 and 4.0 dyne/cm2 with upregulation at 0.1 dyne/cm2and downregulation at 4.0 
dyne/cm2. For pulsed flow, significant differences were seen after 8 hours exposure 
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between 0.1 and 1.0 dyne/cm2 shear stress and 0.1 and 4.0 dyne/cm2 shear stress 
with upregulation at 0.1 dyne/cm2 and downregulation at 1.0 and 4.0 dyne/cm2. For 
collagen 2 gene expression there were significant differences seen for pulsed flow 
only, after 1 hour exposure between upregulation at 0.1 dyne/cm2 and 
downregulation at 4.0 dyne/cm2 and between upregulation at 1.0 dyne/cm2 and 
downregulation at 4.0 dyne/cm2. For aggrecanase 1 there was only significant 
differences seen in steady flow following 1 hour exposure between upregulation at 
0.1 dyne/cm2 and downregulation at 4.0 dyne/cm2. Expression of aggrecanase 2 was 
shown to differ significantly after 1 hour exposure to steady flow 0.1 dyne/cm2 where 
it was downregulated compare to 1.0 dyne/cm2 where it was upregulated. And after 1 
hour exposure to steady flow at 1.0 dyne/cm2 which saw a significant decrease in 
upregulation. Pulsed flow rate showed significant differences after 4 hours exposure 
to 0.1 dyne/cm2 where it was upregulated compared to 1.0 dyne/cm2 where it was 
downregulated and compared to 4.0 dyne/cm2 which saw a significant increase in 
upregulation. Aggrecan was upregulated after exposure to 0.1 dyne/cm2 shear stress 
in steady flow which significantly differed from expression after exposure to 4.0 
dyne/cm2 which saw downregulation of aggrecan. Significant differences were also 
seen after 1 hour exposure to 1.0 dyne/cm2 steady flow which again showed 
upregulation compared to downregulation at 4.0 dyne/cm2. Aggrecan was 
upregulated after 4 hours in 0.1 dyne/cm2 steady flow which was significantly 
different to downregulation of aggrecan seen after 4 hours of steady flow at 1.0 
dyne/cm2. This is significantly different to the downregulation seen after 4 hours 
exposure to 4.0 dyne/cm2 steady flow. Pulsed flow saw significant differences 
between cells exposed to 0.1 dyne/cm2 for 1 hour which saw upregulation of 
aggrecan and 1.0 dyne/cm2 for 1 hour which showed downregulation and significantly 
different to 1 hour exposure to 4.0 dyne/cm2 which also showed downregulation. The 
same trend was seen after 4 hours exposure which saw upregulation of aggrecan 
after exposure to 0.1 dyne/cm2 and downregulation after exposure to 4.0 dyne/cm2. 
Significant differences were seen between exposure to 0.1 dyne/cm2 after 8 hours, 
which showed upregulation compared to downregulation seen after 8 hours exposure 
to 1.0 dyne/cm2 and downregulation of aggrecan after 8 hours exposure to 4.0 
dyne/cm2. 
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5.2.3 Does the duration of flow have an effect on cell gene expression? 
The only significant difference in expression of collagen across time points was seen 
in steady flow at 4.0 dyne/cm2 where a significant increase in downregulation was 
seen at 4 hours compared to 8 hours exposure. The only significant difference seen 
for expression of collagen 2 was in 0.1 dyne/cm2 flow where upregulation after 1 hour 
exposure differed significantly from downregulation seen after 24 hours exposure. 
For expression of aggrecanase 1 significant differences were seen in exposure to 
pulsed 1.0 dyne/cm2 from 1 hour downregulation to 4 hours which saw a significant 
increase in downregulation and for steady slow there was a slightly significant 
change seen at 4.0 dyne/cm2 between downregulation after 1 hour exposure and 
upregulation at 4 hours exposure. For expression of aggrecanase 2 the only 
significant changes between time points were seen at 0.1 dyne/cm2 pulsed flow. 
Aggrecanase 2 was upregulated after 1 hour exposure which significantly increased 
after 4 hours and significantly increased again from 4 hours to 8 hours and then 
upregulation significant increased from 1 hours to 24 hours, but this was actually a 
decrease from 4 and 8 hours, although not a significant one. Expression of aggrecan 
was significantly affected by exposure time in steady flow at 0.1 dyne/cm2, 
upregulation was seen at all time points. There was a significant increase in 
upregulation from 1 hour to 4 hours exposure and a significant decrease in 
upregulation from 4 hours to 8 hours and a significant difference from 4 hours to 24 
hours and a significant increase was seen from 1 hour to 24 hours exposure. In -
pulsed flow at 0.1 dyne/cm2 a significant increase in upregulation was seen from 
1hour exposure to 4 hours exposure. Significant changes in steady flow were also 
seen after exposure to 1.0 dyne/cm2 upregulation after 1 hour saw a significant 
change to downregulation after 4 hours, and in 4.0 dyne/cm2 exposure down 
regulation after 1 hour was significantly reduced, but still downregulated after 4 
hours. 
  
5.2.4 Implications for researchers  
Key findings regarding gene expression of bovine NP cells under shear stress are 
that cells significantly upregulate collagen 2 in steady flow compared to pulsed flow 
at 0.1 and 1.0 dyne/cm2, however there was no change compared to the control. If 
flow needed to be created due to the replenishments of nutrients, then a steady flow 
rather than a pulsed flow would be recommended. However, after 24 hours collagen 
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2 was significantly downregulated so a shorter duration, even at 0.1 dyne/cm2 would 
be recommended. Aggrecanase 1 was upregulated at 4.0 dyne/cm2 after 4 hours, 
and aggrecanase 2 was upregulated after only 1 hour. Furthermore, aggrecan was 
upregulated at 0.1 dyne/cm2, this gives further weight to the discussion that shear 
stress rates of higher than 1.0 dyne/cm2 may have a catabolic effect on NP cells, so if 
cell and matrix growth are required from a bioreactor then shear stress rates of below 
1.0 dyne/cm2 would be recommended. However, this increase in aggrecan was in 
pulsed flow, not steady flow and cell morphology was seen to show better cell health 
in steady flow.  
 
5.3 Implications for the wider research community and clinicians 
Commonly, shear stress studies have investigated red blood cells, endothelial cells 
and osteoblasts and the flow rate, and shear stress rate experienced by these cells in 
vivo would be significantly higher compared to those in the matrix of the nucleus 
pulposus. The key findings of this research show that shear stress rates of 1.0 
dyne/cm2 and higher may have detrimental effects on cell morphology, causing 
increased cell circularity, decreased focal adhesion number and decreased cell 
proliferation and eventually detachment of cells. Furthermore, shear stress rates of 
1.0 dyne/cm2 can also have a catabolic effect on bovine NP cells, upregulating 
aggrecanase 1 and 2 and downregulating aggrecan. These findings could be useful 
in guiding researchers working towards developing successful cell-seeded scaffolds 
for nucleus pulposus regeneration. Growing cell-seeded scaffolds in a perfusion 
bioreactor where the infusion rate can be controlled could create the most beneficial 
environment for matrix production by the cells. Shear stress rates of 1.0 dyne/cm2 
and above could change the phenotype of the nucleus pulposus cell and be 
detrimental to matrix production. However, lower shear stress rates of around 0.1 
dyne/cm2 could have a beneficial effect on matrix production. Taking this into account 
when designing the environment for scaffold growth may prove advantageous. 
 
Relating these findings to in-vivo research may also be interesting in research for 
measures to prevent low back pain through exercise therapy. As discussed in 
Chapter 2, heavy repetitive loading of the spine creates relatively high intradiscal 
pressures (Nachemson and Morris, 1964a) which can lead to microtrauma in the 
disc. Weightlifters have been shown to have degenerative changes throughout the 
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spine when compared with runners (Videman et al., 1995), however normal 
physiological loading through movement and exercise has been shown to have a 
beneficial effect, runners have been shown to have less spinal degeneration than 
controls (Belavý et al., 2017). The pressure changes created during weightlifting 
could lead to greater fluid flow rates and therefore higher fluid shear stress in the disc 
than lower pressure changes created through beneficial exercise modalities which 
have been shown to be beneficial for low back pain, such as running, walking, yoga, 
Pilates and tai chi. Furthermore, disc degeneration could be responsible for an 
increase in shear stress rates within the disc. In a structurally intact disc, the 
permeability of the disc tissue is low, due to the densely packed collagen structure. In 
a degraded disc, in which the disc has lost its structure and annular fissures are 
present, higher fluid flow rates could be present and therefore higher shear stress 
rates. This could lead to an escalation of catabolic metabolism by the disc cells and 
further degradation of the disc. The anabolic metabolism seen at the lower shear 
stress rates investigated in this study could be related to the beneficial effects of 
exercises modalities discussed in the literature and could be the key to determining 
the types of exercises which as beneficial for prevention of low back pain. Further 
research incorporating fluid shear stress onto nucleus pulposus cells in a 3D matrix, 
rather than a monolayer would be a useful development in assessing the role of 
shear stress in the possible prevention of early degeneration of the intervertebral 
disc. 
 
5.4 Limitations 
5.4.1 Sample size 
Four biological samples were used in this research based on the power analysis 
carried out using G*Power3 prior to starting which calculated 3-7 replicates to be 
sufficient. As the specimens were of the same age, 18 months, and same breed and 
from the same slaughterhouse, there was an assumption made that the cells would 
likely be biologically very similar. Four technical replicates were used and any outliers 
in the technical replicates were disregarded. However, all values for the biological 
replicates were included, and these values were used for statistical analysis and 
means were taken which are represented on the graphs in the results chapter. It is 
clear from some of the confidence intervals that there was a large spread on some of 
the results, particularly for the gene expression. Following the experiments another 
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power analysis was carried out using the Partial Eta Squared values generated in 
SPSS and calculations in G*Power3.1 determined a sample size of between 6-16 
would be recommended for the studies carried out. A reduced number of flow 
conditions and a greater sample size would have been a more effective means of 
resources of these cell studies if they were to be repeated to give greater reliability in 
the results gained. 
 
5.4.2 Pump accuracy 
The accuracy of the peristaltic pump was a limitation to the accuracy of the flow rate 
that could be delivered. The pumps were calibrated using a weighted water method 
and a flow rate accurate to 2 decimal places had been chosen based on the syringe 
pump. However, for the peristaltic pump (pulsed flow) set up, the flowrate of 0.08 
ml/min an accuracy of 75% over 20 readings was observed, meaning that 15 out of 
20 readings were between 0.076-0.084ml/min. Flowrate 0.78 ml/min an accuracy of 
80% was observed meaning that for 16 out of 20 readings were between 0.776-
0.784ml/min. For 3.12 ml/min an accuracy of 85% was recorded meaning for 18 out 
of the 20 readings were between 3.116-3.124ml/min.  Measuring the accuracy to one 
decimal place, resulted in 95% accuracy for all peristaltic pump measurements. For 
the syringe pump (steady flow) set up the respective accuracies for 0.08 ml/min, 0.79 
ml/min and 3.15 ml/min were 95% over the 20 calibrations taken meaning that all 20 
readings were between 0.076-0.084ml/min, 0.776-0.784ml/min and 3.116-.3.124 
ml/min respectively. However, taking to 0.1 decimal place increased the accuracy to 
100%. To ensure a minimum of 95% accuracy of the peristaltic pump flowrates and 
shear stress rates were recorded accurate to one decimal place, hence 0.1, 1.0 and 
4.0 dyne/cm2. The lowest flow rate was also limited by the lowest flow rate that the 
peristaltic pump could deliver. An alternative pumping system could have included 
another Harvard syringe pump if one had been available, programmed to deliver a 
step flow. An alternative to the weighted water calibration could have been the use of 
a microfluidic flow sensor, such as the Elveflow BFS flow sensor which could 
measure ranges of between 1.6µL/min to 3 mL/min, or Elveflow MFS which 
measures lower flow rates, however, due to expense these were not available.  
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5.4.3 Selection of shear stress conditions 
The selection of shear stress rates to use was limited to a choice based on previous 
published studies and experimental practicalities. It would be much more ideal to 
know the shear stress rates that the cells may experience in vivo and mimic those 
shear stress rates in vitro. However, due to the complexity of the fluid flow through 
the disc, as discussed in chapter 2, and there currently being no direct way to 
measure the fluid velocity through the disc, this was not possible. There are some 
drives to model the flow through the disc and future research may find the answers. 
In vitro experimental methods and computer modelling using biphasic, triphasic and 
quadphasic models incorporating Darcy’s Law (Ferguson et al., 2004, Gu et al., 
2004), Biot’s Law (Biot, 1955, Laible et al., 1993) and Carmen-Kozeny (Nield and 
Bejan, 2013) for flow through porous media with consolidation have been used to 
attempt to quantify fluid flow through biological material and advances are being 
made in this area of research in the IVD by Schroeder et al (2006). Early research in 
this area investigated flow through articular cartilage and due to the similarities in the 
poroelastic nature this existing research has been useful in proposing fluid flow 
through the IVD. Models have been based on original work by (Mow et al., 1980) for 
flow through cartilage as a biphasic material, this model assumed the solid and fluid 
to be incompressible and calculated a fluid velocity of 13.7!m/s after loading. Their 
model did not take into account the ionic nature of the fluid and only the pressure-
driven flow. (1984) developed a triphasic theory incorporating the fluid ion 
concentration and its effect on swelling potential in articular cartilage. (Lai and Mow, 
1999) and (Gu et al., 1998) included the effect of electric potentials and 
electrochemical influence of fluid flow through charged biological tissues. Ferguson 
et al. (2004), used a poroelastic model of the IVD and an iterative approach to 
calculate fluid velocities in the IVD of 5 !m/s with application of 0.5 MPa load. (Gu 
and Yao, 2003) found that fixed charge density affects the fluid transport in the IVD 
and (Farrell and Riches, 2011) found that ionic effects of the fluid in the IVD account 
for approximately 50% of the fluid flow in disc. When testing fluid flow velocities on 
IVD cells in vitro, it would therefore be a reasonable assumption to test flow velocity 
values around the range 5-13.7!m/s while keeping in mind the findings by (Gu and 
Yao, 2003) and (Farrell and Riches, 2011) on the significance of electro-kinetic 
effects on fluid transport, which strengthen the justification for continued research 
into quadphasic models of fluid movement of in the IVD to include these more 
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complex phenomenon. Translating these velocities into shear stress rates is complex 
as the pore size of the ECM would be required and this changes with hydration of the 
disc and degeneration of the disc, so ascertaining effective shear stress values would 
not be possible at present. 
 
5.4.4 Maintaining incubator conditions  
In the longer duration experiments it was necessary to replace the media in the 
Harvard pump syringe, this required opening the incubator door during the 
experiment. As the incubator was hypoxic to maintain the cells at a 2% O2 
concentration then opening the door resulted in raising the oxygen content of the 
incubator briefly until it was closed again and the incubator reached its desired O2. 
The whole process took approximately 3 minutes and was unavoidable with the 
apparatus being used. A larger syringe would have meant the door would have to be 
opened less would have reduced the accuracy of the syringe pump. 
 
5.4.5 Cell detachment 
For the flow rates chosen cells detached from the slide in large number at 1.0 and 
4.0 dyne/cm2, is it assumed that detachment of the cells was due to the shear stress 
having a negative effect on the cells, however, as the cells were washed away in the 
flow and discarded; the state of the detached cells was not tested. Analysing the cells 
following detachment by collecting them in the fluid and attempting to grow them and 
analyse their morphology and gene expression would be interesting to see if the 
function of the cell had been affected in the long term by shear stress or just in the 
short term. This could lead to studies involving regeneration of NP cells and would be 
useful as future research. 
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Chapter 6. Conclusions 
 
Cell-based treatments for pain arising from intervertebral disc problems are on the 
rise. Perfusion bioreactors are more commonly being used in the development of 
cell-based scaffolds as a possible future treatment for intervertebral disc problems. 
Perfusion bioreactors have the advantages of allowing a continuous supply of 
nutrients to the cells but also as the importance of mechanotransduction has been 
realised in maintaining the in vivo morphology and gene expression of cells, so the 
importance of utilising mechanical stresses in bioreactors has been realised. The aim 
of this thesis was to investigate if shear stresses caused by fluid flow influences 
nucleus pulposus cells. The animal model, bovine, was used for its advantages of 
bovine tails being readily available for cell harvesting and Ibidi VI0.4 slides were used 
to create a chamber over which to flow fluid over a monolayer of bovine nucleus 
pulposus cells. The research questions to be answered from this research fill a gap in 
current knowledge, there has only been one other study on shear stress which 
investigated cells under exposure to 1 dyne/cm2 for 1 hour and found increased gene 
expression of the keratan sulphate protein, lumican. The questions of does shear 
stress affect bovine NP cell morphology and gene expression and if so, does the type 
of fluid flow effect bovine NP cell morphology and gene expression, does the shear 
stress rate effect bovine NP cell morphology and gene expression and does the 
duration of time the cells are exposed to shear stress effect NP cell morphology and 
gene expression? These questions were answered by using two pumps, a Harvard 
syringe pump; to create a steady flow, and a GE peristaltic pump; to create a pulsed 
flow, and by testing the response of NP bovine cells to the different types of flow over 
3 different shear stress rates; 0.1, 1.0 and 4.0 dyne/cm2 and over 4 time points; 1, 4, 
8 and 24 hours.   
 
Changes in morphology were analysed by immunostaining the cells following the flow 
condition, compared to the control which was not exposed to flow. Immunostaining 
was carried on the nucleus; used to count the cell number, vinculin; used to count 
focal adhesion number and phalloidin; used to quantify the shape of the cell (cell 
circularity). Gene expression was analysed using RT-qPCR, 5 genes were analysed, 
Collagen 1, collagen 2, aggrecanase 1, aggrecanase 2 and aggrecan. The Ct values 
gained for RT-qPCR analysed were normalized to the GAPDH (housekeeping gene) 
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to give dCt values and statistical analysis was carried out on these values. Graphical 
representations of the results were shown on logarithmic scale of 2-ddCt and 
justification for this was discussed in the results chapter. One-way ANOVAs were 
then used to assess the effects of flow type, shear stress rates and duration of 
exposure on cell morphology and gene expression. 
 
The main findings were that shear stress can have both anabolic and catabolic 
effects on bovine NP cell morphology and gene expression. Shear stress of 0.1 
dyne/cm2 for 4 hours was shown to increase the gene expression of aggrecan 
compared to a control in a pulsed flow have a significant, but steady flow of 0.1 
dyne/cm2 for 4 hours showed a significant increase in proliferation of cells, so there is 
inconclusive evidence to show whether steady or pulsed flow is preferential for cell 
health. The results for the rate of shear stress were more conclusive with shear 
stress rates of 1.0 dyne/cm2 and 4.0 dyne/cm2 having a detrimental effect on cell 
morphology and anabolic gene expression and these effects were cumulative over a 
24 hour period, showing that the duration that the cells were exposed to shear stress 
was important. Further studies with larger sample sizes would be needed to 
recommend a conclusive regime which could be used in bioreactors to improve cell 
health, but the general trend appears to be shear stress rates lower than 1 dyne/cm2, 
for less than 8 hours and in either steady or pulsed flow may be beneficial. The 
development of computer modelling to develop quadphasic models to determine the 
in vivo shear stress rates in the IVD matrix would further enhance this research. 
Allowing the development of shear stress regimes which could take into account 
pressure changes and thereby flow rates which are created through exercises. This 
would then allow not only testing of bioreactor regimes for novel cell-based 
treatments but also recommendations for in vivo exercise regimes for the prevention 
of disc degeneration.  
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